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This thesis presents a study of the properties and kinematics of the neutral interstellar 
medium in a small sample of nearby dwarf galaxies. The selected galaxies include two dwarf 
irregulars, three dwarf ellipticals, and two intermediate irregular/spheroidal galaxies, most 
of which are at distances of rvl Mpc or less. HI synthesis images of these galaxies probe 
their atomic media at resolutions of 60-160 pc. Observations of CO emission in two of the 
dwarf ellipticals clarify the relationship between atomic and molecular gas and constrain 
the physical properties of molecular clouds in those galaxies. Ha images of the two dwarf 
ellipticals show one probable supernova remnant in NGC 185 but no other HII regions in 
either galaxy. 
Of the five galaxies with detected HI emission, the four with current or recent star 
formation show evidence of a cold atomic gas component. For example, the HI spectra in 
the irregulars Leo A and Sag DIG can be decomposed into high-dispersion and low-dispersion 
components which are probably analogous to Galactic cold and warm neutral phases. Twenty 
to thirty percent of the HI in those irregulars is in the cold component, with the remaining 
HI in the warm component. The dwarf elliptical galaxies NGC 185 and NGC 205 also 
show low-dispersion HI clumps associated with molecular clouds and dust patches. LGS 3, 
the galaxy with the least amount of current star formation, shows only a high-dispersion, 
probably warm HI phase. These results suggest that a cold atomic component is necessary 
for, or at least commonly associated with, star formation. The column densities of atomic 
gas around the molecular clouds in the dwarf ellipticals, as well as the presence of cold and 
warm HI phases in the dwarf irregulars, are explained by current models of the interstellar 
medium. The apparent lack of a low-dispersion, cold HI phase in LGS 3 implies that the 
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thermal pressure is too low for a cold phase to be stable. 
Only two of the five galaxies with HI emission show good evidence for rotational support. 
Non-circular gas motions on the order of 10 km s-1 are significant sources of support against 
gravity for all of the five except perhaps NGC 205. These non-circular motions may even be 
the dominant sources of support against gravity, in contrast to the situation in more luminous 
irregular galaxies and spirals. Estimated mass-to-light ratios vary from 8-10 for the dwarf 
ellipticals NGC 185 and NGC 205 to something less than 2-3 for the dwarf irregular Leo A; 
thus, these results confirm the large dispersion found in mass-to-light ratios of other low 
mass galaxies. 
The distribution and kinematics of HI in the dwarf ellipticals NGC 185 and NGC 205 
are significantly different from those in giant ellipticals, so that an internal origin for the gas 
in the dwarf ellipticals should be considered. Finally, the presence of gas in LGS 3 conflicts 
with evolutionary models which predict that a burst of star formation activity should have 
removed all the gas from that galaxy. 
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Chapter 1 
Introduction 
1.1 Motivation 
The nearby universe confronts us with a wide variety of dwarf galaxies- dwarf ellipti-
cals, dwarf irregulars, dwarf spheroidals, dwarf spirals, blue compact dwarfs, and amor-
phous/Magellanic types. The variety of dwarf galaxy types is at least as great as that of 
larger, non-dwarf galaxies. With this variety comes opportunity. For example, dwarfs with 
different properties (star formation rate, UV field, metallicity, gravitational potential well, 
and so on), provide an excellent opportunity to test how the properties of the ISM vary in 
these different environments. If the properties of the ISM do indeed vary from one galaxy to 
another, we may then begin to answer which properties influence the star formation rates in 
these galaxies. Observations of the ISM in dwarf galaxies also give important insights into 
the kinematics of dwarf galaxies, the sources of their support against gravity, and ultimately 
the evolution of these galaxies. The specific questions addressed in this thesis are descibed 
in more detail below. 
1.1.1 Star formation and the ISM 
It has long been known that the interstellar medium of our own Galaxy is made up of a 
number of distinct phases ranging from cold to hot gas and molecular to ionized phases. 
The atomic medium itself is divided into a cold, dense phase and a warm, diffuse phase, 
which are visible in HI emission spectra (e.g. Radhakrishnan et al. 1972; Mebold 1972; 
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Kalberla et al. 1985; Heiles 1989). The same is also true of the Large Magellanic Cloud 
(Dickey et al. 1994). Theoretical models of the ISM successfully explain the presence of 
two HI phases based on thermal, pressure, and ionization balance for conditions appropriate 
to the disk of our Galaxy (e.g. Field, Goldsmith, & Habing 1969; McKee & Ostriker 1977; 
Wolfire et al. 1995, and many others). 
The applicability of these ISM models to other galaxies has not been tested, mainly 
because the phase structure of the ISM is known for very few galaxies. Investigation of the 
phase structure of the neutral ISM in Local Group dwarf galaxies would allow us to test 
how the ISM responds to interstellar conditions (pressure, metallicity, UV field, and so on) 
unlike those in our own Galaxy's disk. One of the main goals of this thesis is to answer how 
the ISM structure and properties depend on the properties of the host galaxy; given that 
information, the next step is to assess whether that answer agrees with what we know about 
the ISM based on models developed for Galactic conditions. 
With a better understanding of the properties of the ISM in nearby dwarf galaxies, we 
may hope to make progress in understanding what conditions or situations are necessary for 
star formation. Recent observations of the stellar populations of dwarf galaxies have shown 
that their star formation rates vary widely with time (e.g. Marconi et al. 1994; Smecker-
Hane et al. 1994). However, it is not known what might cause these large variations in 
star formation rate, especially in relatively isolated systems. The properties of the ISM are 
clearly implicated, but what is it about the ISM that influences the star formation rate? 
In many low-luminosity, low-metallicity dwarf galaxies it is difficult to detect molecular 
gas, so the atomic medium provides the only available clues about the relationship between 
star formation and the ISM. Skillman et al. (1987) proposed that star formation requires 
the atomic gas column density to be high enough to allow the formation of molecular gas; 
a threshold HI column density of about 1021 cm-2 agrees with observations of many dwarf 
galaxies (e.g. Taylor et al. 1994; van Zee 1996). On a similar note, Elmegreen & Parravano 
(1994) proposed that star formation requires the interstellar pressure to be high enough to 
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allow the formation of a stable, cold HI phase. Alternatively, Toomre's (1964) criterion 
predicts whether a disk is unstable to the formation of self-gravitating clouds (assumed to 
be likely sites of star formation) by balancing gravity with the disruptive effects of angular 
momentum and velocity dispersion in a rotating gas disk. Kennicutt (1989) showed that 
this criterion explains the radial distribution of star formation in many spirals. Observations 
of the HI distributions, column densities, and kinematics in nearby dwarfs allow us to test 
these ideas. 
1.1.2 Kinematics and evolution of dwarf galaxies 
As described in Section 1.2, we selected a small number of Local Group galaxies of various 
types for detailed studies of the properties of their ISM. The galaxies selected are also useful 
for investigating the kinematics of low-luminosity dwarf galaxies and have implications for 
the evolution of galaxies in general. 
The presence of dark matter in dwarf galaxies, particularly in the lowest mass dwarf 
galaxies, can provide significant constraints on certain cosmological models and theories of 
galaxy formation (e.g. Ashman 1990; Navarro, Frenk, & White 1996; Dekel & Silk 1986; 
Milgrom 1994). The usual way of detecting dark matter in dwarf galaxies involves measuring 
an HI rotation speed. Lo, Sargent, & K. Young (1993; LSY) found very little sign of rotation 
(typically < 5 km s-1) in a sample of nine nearby dwarf irregulars with optical magnitudes 
between -10 and -14. On the other hand, other authors (e.g. Hoffman et al. 1996) have 
found rotation velocities of 15-50 km s-1 for dwarf galaxies with similar optical magnitudes. 
The results suggest that there may be a wide variation in the amount of dark matter in low 
luminosity galaxies (Skillman 1997). Observations of the ISM in nearby dwarf galaxies can 
help to verify or disprove this hypothesis. In addition, if many dwarfs are not rotationally 
supported, as LSY have suggested, the kinematics of the gas may give clues about the 
alternative source of support. 
Observations of the gas in Local Group galaxies also have implications for the evolution 
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of the Local Group itself. For instance, two of the galaxies selected for study are dwarf ellip-
ticals, NGC 185 and 205, which have been known for many years to have a cold interstellar 
medium (e.g. Hodge 1963, 1973). Recent synthesis images of HI in giant ellipticals have 
shown that the cold gas is typically in a rotating disk or ring much larger than the optical 
extents of the galaxies. Thus, the cold gas contains much more angular momentum per unit 
mass than the stars do, and it is thought that this gas was captured in some interaction or 
merger (van Gorkom 1992). The cold gas in massive ellipticals is evidence of their cannibal-
istic pasts. The kinematics of the HI in these Local Group dwarf ellipticals should reveal 
whether the same is also true for them. 
1.2 Sample and Methods 
For this thesis we chose to undertake a detailed investigation of the properties of the ISM in 
a relatively small number of galaxies. Studies of the ISM benefit from high spatial resolution, 
so the galaxies were chosen to be Local Group members or near-members (all except one are 
known to be within rvl Mpc). To address the ways in which the properties of the ISM vary 
from one galaxy to another, we chose a variety of galaxy types with different star formation 
rates and histories. 
Leo A and Sag DIG are two dwarf irregulars that were previously imaged in HI by LSY, 
who observed a sample of nine nearby, low luminosity irregulars. Leo A and Sag DIG showed 
unusual arc- or ring-shaped HI distributions, suggesting they might have undergone some 
interesting recent evolution. These galaxies also showed no sign of rotational support, which 
leads to questions about why they are not collapsing under their own weight. 
The Local Group also contains the fascinating dwarf elliptical galaxies NGC 185, 205, 
and 147. These galaxies were selected for study because their stellar components (stellar 
populations, surface brightnesses, etc.) are very different from those of the dwarf irregulars, 
and their interstellar media might be unusual as well. NGC 185 and 205 have been known 
for some years to have dust clouds and young massive stars. The dwarf ellipticals are also 
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interesting in their own right because very few ellipticals are known to have cold interstellar 
gas; the ones that do have cold gas are much farther away than the Local Group and cannot 
be studied on the scale of individual molecular clouds. 
Finally, the Local Group dwarf galaxies LGS 3 and Phoenix were selected because they 
have properties in common with both irregulars and ellipticals. They were also thought to 
have no current star formation, so it was hoped that a comparison between them and the 
other galaxies of the sample might give some clues on what conditions are necessary for star 
formation. Figure 1.1 presents optical images of the five galaxies in this study that have 
detected HI emission. All are at approximately the same linear scale and are overlaid with 
HI column density contours. 
All of the galaxies mentioned above were observed in the 21cm line of HI using NRAO's 
Very Large Array (VLA) 1. The resolutions achieved are rv20" (rvlOO pc) and 1.3 or 2.6 km s-1 . 
Sensitivities of 1-2 mJy/beam per channel (rvl K brightness temperature) are typical. Of 
the seven galaxies selected, five were clearly detected in HI emission. The distributions 
of HI were compared to the stellar distributions and the locations of young massive stars 
and HII regions, in order to elucidate the relationship between the ISM and star formation. 
Observations of Galactic HI emission (e.g. Radhakrishnan et al. 1972) have shown that HI 
velocity dispersions and the structure of the HI line profile can reveal the phase structure 
of the atomic medium; we have carried out similar analyses for the HI in the dwarf galaxies 
of this sample. The HI brightness temperatures, velocity dispersions, and column densities 
help constrain the physical properties of the atomic gas in these galaxies. The kinematics of 
the HI were studied using a combination of intensity-weighted velocity moment maps and 
analysis of individual HI profiles. 
Of the five galaxies with detected HI emission, three have published Ha images indicating 
either the locations of current star formation or a lack of HII regions. The two dwarf 
1The National Radio Astronomy Observatory is a facility of the National Science Foundation operated 
under cooperative agreement by Associated Universities, Inc. 
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Figure 1.1: Optical images and HI distributions of the five galaxies with detected HI emission. 
Clockwise from top left: Sag DIG, NGC 185, NGC 205, LGS 3, and Leo A. HI contour levels 
start at 2.15x1019 cm-2 and three contours make a factor of ten. All galaxies are at the 
same scale except Leo A, which is half as large (linear dimension) as it should be. The lowest 
HI contour in LGS 3 is about 1 kpc across. 
6 
ellipticals NGC 185 and NGC 205 did not have such data; therefore, we obtained narrowband 
Ha images of those galaxies at Mount Laguna Observatory. Finally, the dwarf ellipticals 
NGC 185 and NGC 205 also had previously published CO detections, though at very low 
resolution (,......, 1'). We obtained a combination of single-dish and interferometric data on the 
molecular gas in those two galaxies; the new HI images obtained for this thesis and the 
locations of prominent dust clouds were used to guide those CO observations. The IRAM 
30m telescope was used to explore the distribution of CO emission at 20" resolution, similar 
to the HI data. A high resolution image of a molecular cloud in NGC 205 made with the 
BIMA array and a CO line ratio from the 30m telescope constrain the physical properties 
of that molecular gas. 
1. 3 Contents of this thesis 
Chapter 2 presents HI observations of the dwarf irregular Leo A. The HI line profiles (spectra) 
in Leo A are decomposed into two distinct HI components: a high-dispersion component (a 
= 9 km s-1 ), which is present everywhere in the galaxy and makes up rv80% of the HI mass, 
and a low-dispersion component (a = 3.5 km s-1), which is usually found near regions of 
current star formation. By analogy with Galactic HI emission spectra, it is argued that 
these two components are warm and cold HI phases in Leo A. Simple estimates show that 
this interpretation is physically reasonable. This result suggests that it is now possible to 
begin to study the phase structure of the ISM in nearby dwarf galaxies. Leo A also shows a 
measurable velocity gradient, but the observations are not consistent with HI distributed in 
an inclined, circular disk supported by rotation. 
Chapters 3 and 4 discuss the interstellar medium in the dwarf ellipticals NGC 185, 
NGC 205, and NGC 147. Chapter 3 presents CO observations of NGC 205, concentrating 
on one molecular cloud in the northern part of that galaxy. That molecular cloud has a 
linear extent, line width, and 12CO 2-1/1-0 line ratio typical of Galactic giant molecular 
clouds, but it has a surprisingly low associated HI column density. Chapter 4 presents HI 
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observations of all three dwarf ellipticals as well as Ha imaging of NGC 185 and 205 and 
further CO observations of NGC 185. The molecular gas in NGC 185 and NGC 205 is 
shown to be associated with HI clumps of typical mass 104 M0 and, again, surprisingly 
low HI column densities compared to photodissociated envelopes around Galactic molecular 
clouds. NGC 185 does contain some extended Ha emission which, however, is more likely 
to be a supernova remnant than an HII region. The origin of the ISM in these ellipticals is 
not obvious but an internal origin (stellar mass loss) may be plausible, at least for NGC 185. 
We find no HI emission in NGC 147, despite the fact that it is optically similar to NGC 185. 
Chapter 5 presents HI observations of the dwarf irregular galaxy Sag DIG and the two 
intermediate-type dwarfs LGS 3 and Phoenix. Sag DIG has HI properties very similar to 
those found in Leo A. The HI in Sag DIG is also decomposed into low and high dispersion 
phases, again with the high dispersion phase present throughout the galaxy and containing 
most of the HI mass. LGS 3, however, shows no sign of the low-dispersion (cold) HI phase. 
Its HI seems to consist entirely of the high-dispersion (warm) phase, which may explain 
the lack of recent star formation. Neither Sag DIG nor LGS 3 shows a systematic velocity 
gradient which can be interpreted as simple circular rotation. Some HI emission is detected 
in the region around Phoenix, but none of it can be convincingly associated with the optical 
galaxy. 
Chapter 6 summarizes the major results of the previous chapters and compares the 
properties of the ISM in the five galaxies with detected HI emission. These five galaxies 
do have very different types of interstellar media; the different interstellar media can be 
understood in the context of current ISM models, and differences in the ISM properties 
probably do influence the star formation in the galaxies. We also demonstrate that the 
kinematics of the gas in these galaxies is more complex than is true for organized rotating 
galaxies, and the source of support against gravity is less clear. Chapter 7 summarizes the 
major results of this thesis, the limitations of this work, and some future projects which 
would address the questions suggested by these results. 
8 
References 
Ashman, K. M. 1990, PASP, 104, 1109 
Bowen, D. V., Blades, J. C., & Pettini, M. 1995, ApJ, 448, 634 
Bowen, D. V., Tolstoy, E., Ferrara, A., Blades, J. C., and Brinks, E. 1996, ApJ, in press 
Carignan, C., Demers, S., and Cote, S. 1991, ApJ, 381, 113 
Dekel, A., & Silk, J. 1986, ApJ, 303, 39 
Dickey, J.M., Mebold, U., Marx, M., Amy, S., Haynes, R. F., & Wilson, W. 1994, A&A, 
289, 357 
Elmegreen, B. G., & Parravano, A. 1994, ApJ, 435, 1121 
Field, G. B., Goldsmith, D. W., & Rahing, H. J. 1969, ApJ, 155, 1149 
Gallagher, J. S. III, & Wyse, R. F. G. 1994, PASP, 106, 1225 
Heiles, C. 1989, ApJ, 336, 808 
Hodge, P. W. 1963, AJ, 68, 691 
Hodge, P. W. 1973, ApJ, 182, 671 
Hoffman, G. 1., Salpeter, E. E., Farhat, B., Roos, T., Williams, H., and Helou, G. 1996, 
ApJS, 473, 822 
Hunter, D. A., & Plummer, J. D. 1996, ApJ, 462, 732 
Kalberla, P. M. W., Schwarz, U. J., & Goss, W. M. 1985, A&A, 144, 27 
Kennicutt, R. C. 1989, ApJ, 344, 685 
9 
Knapp, G. R., Kerr, F. J., & Bowers, P. F. 1978, AJ, 83, 360 
Lo, K. Y., Sargent, W. L. W., & Young, K. 1993, AJ, 106, 507 = LSY 
Marconi, G., Matteucci, F., & Tosi, M. 1994, MNRAS, 270, 35 
McKee, C. F., & Ostriker, J.P. 1977, ApJ, 218, 148 
Mebold, U. 1972, A&A, 19, 13 
Milgrom, M. 1994, ApJ, 429, 540 
Mould, J. R., Bothun, G. D., Hall, P. J., Staveley-Smith, L., & Wright, A. E. 1990, ApJ, 
362, L55 
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 462, 563 
Radhakrishnan, V., Murray, J. D., Lockhart, P., and Whittle, R. P. J. 1972, ApJS, 24, 15 
Skillman, E. D., Bothun, G. D., Murray, M. A., & Warmels, R. H. 1987, A&A, 185, 61 
Skillman, E. D. 1997, in The Minnesota Lectures on Extragalactic Neutral Hydrogen, ed. E. 
Skillman (San Francisco: ASP), p. 208 
Smecker-Hane, T. A., Stetson, P. B., Hesser, J. E., & Lehnert, M. D. 1994, AJ, 108, 507 
Taylor, C. L., Brinks, E., Pogge, R. W., & Skillman, E. D. 1994, AJ, 107, 971 
Toomre, A. 1964, ApJS, 139, 1219 
van Gorkom, J. 1992, in Morphological and Physical Classification of Galaxies, ed. G. Longo 
et al. (Dordrecht: Kluwer), p. 233 
van Zee, L. 1996, PhD thesis, Cornell University 
Wolfire, M. G., Hollenbach, D., McKee, C. F., Tielens, A. G. G. M., and Bakes, E. L. 0. 
1995, ApJ, 443, 152 
10 
Chapter 2 
The HI Medium of the Nearby Dwarf 
Galaxy Leo A 1 
2.1 Introduction 
Because of their relatively simple structure, nearness and wide variety of types, dwarf galaxies 
are recognized as valuable laboratories for studying a host of fundamental astrophysical 
problems, including star formation and the formation and evolution of galaxies. For example, 
the star formation rate in nearby dwarf galaxies can be highly time dependent (Hodge 1989, 
Da Costa 1994, Smecker-Hane et al. 1994). Studies of the interstellar gas in dwarf galaxies 
may give clues about what determines their star formation history. 
In this paper we present a study of the properties of the neutral atomic interstellar 
medium (ISM) in the dwarf irregular galaxy Leo A. The primary goals of this work are to 
elucidate the interaction between star formation and the ISM in Leo A and to understand 
what determines the properties of the ISM in a dwarf galaxy. The current paper is part of 
a larger comparative study which will address these and similar issues in a sample of five 
nearby dwarfs, including irregulars and ellipticals, some with current star formation and 
some without. 
Leo A (DDO 69; UGC 5364; zn=196.9°, bn=52.4°) is a faint irregular galaxy with a small 
1This chapter was published by Young, L. M., & Lo, K. Y. (1996), as the paper "The Neutral ISM in 
Nearby Dwarf Galaxies. I. Leo A," ApJ, 462, 203 [copyright 1996 by the American Astronomical Society, 
and reproduced with permission]. 
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amount of current star formation and a HI morphology which suggests it may not be in a 
steady state (Lo, Sargent, & Young 1993 = LSY). Its color (B-V)~ = 0.26 (de Vaucouleurs 
et al. 1991) makes it one of the bluest nearby dwarf galaxies and suggests recent ( < 108 yr 
old) star formation activity. Demers et al. (1994) and Sandage (1986) used the method of 
the brightest blue stars in Leo A to estimate distance moduli of 26.8m±o.4m and 26m±l m, 
respectively (2.3 and 1.6 Mpc). More recently, Hoessel et al. (1994) used light curves of four 
Cepheids in Leo A to determine a distance modulus of 26.74m±o.22m, corresponding to a 
distance of 2.2±0.2 Mpc. We adopt this latter distance. 
The total blue magnitude of Leo A, corrected for galactic but not internal extinction, 
is B~ = 12.85±0.18 (de Vaucouleurs et al. 1991); its absolute magnitude is thus M~(B) 
= -13.89, or LB = (5.3 ± 1.4) x 107 LB8 . The optical major axis diameter D25 is 5.1' 
and axial ratio is 1. 7 (de Vaucouleurs et al. 1991. Stellar photometry (Demers et al. 1984, 
Sandage 1986, Tolstoy 1995) reveals the presence of several bright blue stars which may be 
young massive stars. Tolstoy (1995) also concludes that the star formation rate in Leo A 
was significantly higher at some point in the past (~ 1 Gyr ago) than it is now, which 
produced a significant older red stellar population. Nevertheless, the metallicity of Leo A, 
determined from spectroscopy of a probable planetary nebula, is still very low: 2±13 solar 
(Skillman et al. 1989). 
Leo A also contains four HII regions (Strobel et al. 1991, Hunter et al. 1993). Three 
of them have Ha luminosities between 3 and 17 x 1036 erg s-1 , so each could be pow-
ered by an 06-09 star (Panagia 1973). No radio continuum has been detected in Leo A 
at 1.4 or 4.8 GHz at levels of 4 mJy (Klein et al. 1992, Altschuler et al. 1984). However, 
Leo A was detected by IRAS at flux densities of 90 mJy (60µm) and 270 mJy (lOOµm) 
(Melisse & Israel 1994); these values give a dust temperature of 29 K, typical for dark clouds 
in our own Galaxy (Wood et al. 1994). Tacconi & Young (1987) report a tentative detection 
of CO in Leo A but Lo, Schilke, & Adler (1995) were unable to confirm the detection. 
The HI 21 cm emission from Leo A was first imaged by Allsopp (1978) and more recently 
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by LSY at 17" and 5 km s-1 resolution. Their images show that the neutral gas is distributed 
in an irregular, squashed ring with a size comparable to the optical extent of the galaxy. No 
rotation was detected, but irregularities in the velocity field suggested the HI is distributed 
in clumps moving in a random fashion at velocities of a few km s-1. An important question 
which was discussed by LSY concerns the source of the kinetic energy which is required to 
maintain these random motions. This kinetic energy may also be responsible for keeping the 
star formation rate low in Leo A despite its relatively large neutral gas mass. The current 
observations allow these issues to be investigated in more detail. 
2.2 Observations 
The data were obtained in two configurations of the Very Large Array (VLA) of the NRA02 : 
the D configuration, with maximum baseline 1 km (4.5 k>.), for three hours on July 15/16, 
1992; and the C configuration, with maximum baseline 3 km, for nine hours on April 20, 
1992. The point source 1003+351 was observed every 40 minutes for use as a complex gain 
calibrator, and the strong source 1328+307 (3C 286) was observed once in each configuration 
for use as a flux density and bandpass calibrator. In the C array observations the source 
0134+329 (3C 48) was also used as a flux density and bandpass calibrator. In both configu-
rations 256 channels were obtained, each 0.64 km s-1 wide. The final images have a velocity 
resolution of 1.28 km s-1 . 
The data were calibrated, combined, and imaged using standard data reduction routines 
in the AIPS package. After calibration, data from the two configurations were combined with 
equal weight. Continuum emission was subtracted from the data; no continuum emission 
was detected from Leo A itself, but the closest continuum point source has a 20cm flux 
density of 2.6 mJy and is displaced 4' from the center of the galaxy. The combined data 
were transformed, using three different weighting schemes, to make spectral line cubes at 
2The National Radio Astronomy Observatory is a facility of the National Science Foundation operated 
under cooperative agreement by Associated Universities, Inc. 
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three different spatial resolutions. These are a low resolution cube (62.3"x 60.9"= 660 pc), a 
medium resolution cube ("natural" weight, 23.3"x 22.7"= 250 pc) and a high resolution cube 
(15.6" x 15.1"= 160 pc). All cubes were cleaned. Therms noise values in the three cubes are 
1.8 mJy/beam (0.29 K), 1.3 mJy/beam (1.5 K), and 1.5 mJy/beam (3.8 K), respectively. 
The primary beam correction for the VLA was found to be unimportant, as were effects due 
to different dirty and clean beam shapes (Jorsater & van Moorsel 1995). Any image artifacts 
caused by deconvolution (cleaning) are at a much lower level than the thermal noise in the 
images. 
To test whether the VLA observations detected all of the HI emission in Leo A, we also 
obtained spectra of the galaxy (and a sample of other nearby dwarf galaxies) using the 
43m telescope operated by NRAO at Green Bank, WV, on April 4, 1993. Twenty minutes 
of on-source integration time were obtained at a position of 09h 55m 308 , +30° 59' 02" 
(epoch 1950.0 is used throughout this paper) with a switching position offset by 65' in right 
ascension; the spectral resolution was 0.51 km s-1 . Flux density calibration was estimated 
using observations of the continuum sources 3Cl23, 3C274, 3C231, 3C286, and DA251. 
2.3 Results 
2.3.1 Large scale properties and the HI halo 
Figure 2.1 shows an integrated intensity image derived from the low resolution {62") cube, 
superposed on a V band image provided by D. Hunter. Due to a factor of 10 increase in 
column density sensitivity over LSY, the new data show that HI extends much farther than 
previously known. The optical galaxy is surrounded by an extended HI envelope or halo 
out to 14'x8.2'= 9.0 kpc x 5.2 kpc, or about three times the optical diameter D25 , at a 
column density of 4x1019 cm-2 . The HI flux of Leo A, determined from this low resolution 
image, is 65±3 Jy km s-1 . The flux obtained from the single dish spectrum of Leo A is 
69±3 Jy km s-1; the interferometer has thus detected all of the HI in the galaxy, and very 
little lies outside the largest extent given above. The detected flux corresponds to a HI mass 
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of (8.l±l.5)x107 M0 , of which 28% is found in the halo at column densities below 2xl0
20 
cm-2 . 
The outer contours of the HI halo are well described by ellipses centered at 09h 56m 
29.98 ±0.28 , +30° 59' 11"±2", with position angle 104°±2° and axial ratio (1.68±0.04):1 over 
semimajor axes 250" to 500". This axial ratio would correspond to an inclination i ;:::: 53° 
(90° is edge-on) if the HI in Leo A were distributed in a flat, circular disk, which it may not 
be (Section 2.4.7). 
A global HI profile constructed from the VLA data in the low resolution cube has a single-
peaked appearance but is well described by two Gaussian components. One component has a 
flux of 13±2 Jy km s-1 (l.5x107 M0 ) and dispersion (O") = 5.2±0.3 km s-1 , and the second 
has a flux of 51±3 Jy km s-1 (6.0x 107 M0 ) and dispersion 9.6±0.2 km s-1. The center 
velocities of the two components are offset by less than 1 km s-1 , at 23.2±0.1 km s-1 and 
24.0±0.1 km s-1 . 
Since there are no strong continuum sources in Leo A which allow the detection of HI 
absorption, optical depths of the HI gas cannot be determined. However, at 15" resolution, 
the peak column density in the galaxy is 2.7x1021 cm-2 and the peak brightness temperature 
is 100 K. Some HI in Leo A has an estimated kinetic temperature :::; 1500 K (Section 2.4.2), 
which gives an optical depth ;:::: 0.07 for a brightness temperature of 100 K. We conclude 
that some of the HI in Leo A could indeed be significantly optically thick. All HI masses 
and column densities presented in this paper are based on the assumption that the gas is 
optically thin. Furthermore, the extragalactic UV and soft X-ray fluxes are expected to be 
high enough to thermalize HI fine structure level populations in the outer parts of Leo A 
even if those levels are not collisionally populated (Corbelli & Salpeter 1993). 
2.3.2 HI distribution and comparison with optical data 
At 23" resolution (Figure 2.2), these data show the same squashed, clumpy ring, brighter on 
one side than the other, that was found by LSY. The dimensions of the ring are approximately 
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Figure 2.1: Contours represent the column density of HI in Leo A at 62" (660 pc) resolution; 
the contour levels are -2, 2, 4, 8, 16, 32, 64, and 128x1019 cm-2 . The greyscale shows a 
V-band optical image obtained at the Perkins telescope of Lowell Observatory, courtesy of 
D. Hunter. Alignment of the optical and radio images to an accuracy of 1" was accomplished 
using 12 stars whose coordinates are found in the APM catalog. The resolution of the HI 
image is shown in the lower left corner. 
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4.6'xl.7'= 2.9xl.1 kpc at column densities of about 1021 cm-2 , and the depression in the 
center is l.9x0.7 kpc. The minimum column density in the central depression is 3.3x1020 
cm-2 . 
Individual channel images (Figure 2.3) show that the ring is composed of about five 
clouds or complexes of typical linear size 1' = 0.6 kpc, separated by projected distances of 
about 1.5 kpc. These kpc-scale clouds have masses rv6xl06 M0 . One of these clouds has 
an aspect ratio rv3:1, which suggests that the clouds may be intrinsically filamentary or 
sheet-like rather than spherical. Substructure can be seen within these clouds, especially in 
the individual channel images, down to the smallest observable scales (160 pc). 
Structure can also be seen within the lower column density halo; a notable example is a 
prominent finger of emission at ogh 55m 225 , +30° 01' 10" (Figure 2.2), extending outwards 
from the high column density ring into the halo. Another finger at ogh 55m 425 , +30° 58' 30" 
extends almost 1' from the high column density ring into the halo and is especially visible in 
channel images with velocities 20-12 km s-1 . A third structure within the halo is a column 
density enhancement at ogh 57m 005, +30° 58', which is almost 2' in diameter (Figures 2.1 
and 2.2). 
Tracers of recent star formation activity in Leo A are concentrated in regions of high HI 
column density (Figures 2.2 and 2.3). Three of the four HII regions in Leo A ("the northeast 
HII regions") (Strobel et al. 1991, Hunter et al. 1993) lie in the region of highest HI column 
density in the galaxy, NH 2: l.2x1021 cm-2 (averaged over 23"). The fourth HII region 
("the southwest HII region") lies at a smaller column density peak of 2x1020 cm-2 , on the 
southwest side of the ring. The bright blue stars, thought to be young stars, are distributed 
in two concentrations, one of which is near the three northeast HII regions and the other 
of which is coincident with the southwest HII region (Demers et al. 1984, Tolstoy 1995). 
However, inspection of the high resolution channel images reveals that all of the HII regions 
are offset by 15-20" from local peaks in HI column density. These offsets can be interpreted 
as the result of the young massive stars ionizing the neutral gas near themselves because 
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19 
about 1021 H atoms cm-2 (comparable to local HI column densities) would have to be ionized 
to account for all the electrons in the HII regions. 
Comparison of HI and Ha distributions shows additional possible evidence for direct 
interaction between massive stars and the ISM. The southwest HII region at ogh 55m 23s, 
+30° 58' 30" is neatly surrounded by a half-circle of enhanced HI emission 1' or 0.6 kpc in 
diameter, visible in channel images at velocities near 30 km s-1 and also visible in Figure 2.2. 
The morphology suggests that HI on the south side of that HII region has been swept up 
by the HII region or associated stellar winds or supernovae. The swept-up ring may be 
incomplete if the gas density is lower towards the north. 
2.3.3 Velocity field 
Figure 2.4 shows the velocity field of HI in Leo A, calculated by taking the intensity weighted 
mean velocity at each position. Due to the improved spectral resolution of this dataset over 
that of LSY (1.3 km s-1 instead of 5 km s-1) and the larger extent of detected HI, it is 
now clear that the velocity field does show a weak gradient with a magnitude of about 2 
km s-1 kpc-1, extending over the entire galaxy in a northeast-southwest direction (position 
angle rv45°). Velocity gradients are often attributed to rotation. However, if the elliptical 
shape of the HI distribution were due to the inclination of a flat, circular, rotating disk, 
the velocity gradient would be expected to point along the major axis of the galaxy at 104° 
instead of rv45°. This subject is discussed further in Section 2.4.7. 
Several attempts were made to fit the velocity field of Leo A with tilted-ring models 
and thereby derive a rotation curve; these attempts were unsuccessful, mainly due to the 
small magnitude of the gradient relative to other features in the velocity field. For example, 
individual channel images (Figure 2.3) show little evidence of the velocity gradient because 
the velocity dispersions (Section 2.3.4) are large compared to the magnitude of the gradient. 
The velocity field also shows a low velocity feature at ogh 55m 33s, +30° 58' 30", about 
1' southwest of the region of highest column density. The feature is more than 1' across and 
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Figure 2.4: Intensity-weighted mean velocity of HI in Leo A, at 23" resolution. The contour 
levels range from 18 km s-1 to 30 km s-1 in units of 2 km s-1 . 
contains velocities at least 6 km s-1 lower than its surroundings. Position-velocity diagrams 
made through the low velocity feature reveal an arch shape (Figure 2.5) which suggests that 
the low velocity feature is created by one half of an expanding or contracting shell 2' to 
3' = 1.3 to 1.9 kpc in diameter. Another possible interpretation is that the arch shape is 
caused by two separate clouds 1'-2' in size, rotating at about 18 km s-1 kpc1 in opposite 
senses. The channel images provide evidence that the feature might be an expanding or 
contracting shell: a roughly circular ring of the appropriate size and position can be seen at 
velocities greater than 25 km s-1• Based on the position-velocity diagrams, the expansion 
or contraction velocity of this shell would be about 10 km s-1 . 
2.3.4 HI velocity dispersion 
Detailed analysis of the line profiles in Leo A (Figure 2.6) reveals several previously unknown 
features. Fortunately, the observed velocity gradient in Leo A is so small that its HI line 
profiles are expected to reflect conditions in the ISM rather than confusing effects caused by 
rotation or velocity crowding. 
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Profiles from the medium resolution (250 pc) cube, separated by 12" or 1/2 beam, were fit 
with one Gaussian component using the software in the Groningen Image Processing System 
(GIPSY). The fitted velocity dispersions (a) vary between 5 and 12 km s-1 and all have 
formal errors of less than 1.3 km s-1 . These dispersions are in rough agreement with those 
found in face-on spiral galaxies (e.g. Kamphuis 1993). A surprising result is that contrary 
to expectations (e.g. , Kamphuis 1993), the fitted dispersions generally decrease in regions 
of higher column density near the HII regions. 
Closer inspection of the HI profiles reveals the reason for the unexpected decrease in 
velocity dispersion near the HII regions. There is significant spatial variation in HI profile 
shapes, in the sense that profiles in the high column density ring and near the HII regions tend 
to have broader wings and narrower peaks than a Gaussian model (Figure 2.7). Residuals 
of the Gaussian fits show that many profiles of high column density are not well described 
by a single Gaussian or a Voigt component. Thus, we attempted to describe the HI spectra 
in Leo A with a simultaneous fit of two Gaussian components. The 90% confidence level of 
the f-test on the residuals (Press et al. 1989) was used to discriminate between profiles that 
require two Gaussian components and those that do not. Formal errors are most commonly 
1-3 mJy/beam or 1-3 Kin the amplitudes of the fitted components, 0.2-0.5 km s-1 in the 
center velocities, and 0.3-1.0 km s-1 in the dispersions. 
Most, but not all, of the profiles with column densities above 8x1020 cm-2 are described 
better by two Gaussians, one significantly broader than the other. The peak brightness 
temperatures of the two components are usually similar; they vary between 5 and 73 K for 
the narrower component, and between 6 and 40 K for the broader component, averaged over 
250 pc. Column densities of the two components are comparable within a factor of two. The 
center velocities of the two components are usually the same within the errors, but they differ 
by as much as ±5 km s-1 in certain locations. These large differences in center velocities are 
found in profiles with noticeable asymmetry; an example can be seen in Figure 2.6. 
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Figure 2.7: A line profile at the position 09h 55m 36.28, +30° 59' 19" (thick line) is overlaid 
with the best fitting single component Gaussian model (thin line). The systematic pattern 
in the residuals (dotted line) shows that this profile is not adequately described by a single 
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Figure 2.8 presents histograms of the velocity dispersions of the fitted Gaussian com-
ponents. For the profiles that require two Gaussian components, the broader of the two 
components has an average dispersion of 9.3 km s-1 and a standard deviation in dispersions 
of 1.4 km s-1 . The narrower component has an average dispersion 3.5 km s-1 and a standard 
deviation of 1.0 km s-1 . Furthermore, Figure 2.8 shows that the dispersion of the broader 
component (9 km s-1) is similar to values found in lower column density regions where only 
one Gaussian component is required (average dispersion 8.7 km s-1 ). We therefore suggest 
that a broader component, with a dispersion of about 9 km s-1 , is present along every line 
of sight in Leo A, and in certain places a narrower component is also present. Figure 2.9 
shows the column density of these two components. 
The spatial variation in the fitted parameters is of special interest because it may hold 
clues about the origin of the non-single-Gaussian line shapes present in Leo A. The fitted 
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single Gaussian component, and its vertical scale is reduced by a factor of five. For profiles 
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component and the dotted line shows the broad component. 
dispersion of the broader component is essentially constant, but that of the narrower com-
ponent increases from 2-3 km s-1 on the western side of the galaxy to 5 km s-1 near the 
northeast HII regions. In addition, Figure 2.9 shows that on scales of "' 0.4 kpc, the broad 
and narrow components are distributed differently. The local maxima in the column den-
sities of the components show some anticorrelation. Finally, the highest column densities 
of the broad component (;<, l.2x1021 cm-2) are found in three peaks, each of which is near 
to but not quite coincident with one of the three northeast HII regions. The spatial coinci-
dence suggests that the high dispersion component may be physically associated with those 
HII regions. The low dispersion component has just one prominent column density peak of 
;<, l.2xl021 cm-2 , which occurs in between two of the northeast HII regions. 
We identify the two spectral components required by fits of individual profiles with the 
two Gaussian components which describe the global HI profile (Section 4.3.2), based on 
similarities in their dispersions and masses. The total HI mass recovered in the Gaussian fits 
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Figure 2.9: The greyscale represents the column density of the broader HI component, which 
has an average dispersion of about 9 km s-1 and is present along every line of sight. The 
greyscale's range is 8 to 146xl019 cm-2 . The contours represent the column density of the 
narrower component at levels of 10, 20, 40, 60, 100, and 140xl019 cm-2 . The greyscale is 
a composite of the profiles which require only one Gaussian component and, in the inner 
parts of the galaxy, the broader of two fitted Gaussian components (as discussed in the 
text). The spatial resolution is two pixels. The positions and sizes of four HII regions and 
three other compact Ha sources are shown. Two profiles near 09h 55m 34s, +30° 59' 00" are 
unusual because they have a high total HI column density, yet they are described by just 
one Gaussian component based on the criterion used here. 
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of individual profiles is 6. 9x107 M0 , of which 10% resides in the narrower of the two spectral 
components, 20% is found in the broader of the two spectral components, and 70% is in 
the remaining profiles which are only described by one Gaussian component. Since 90% of 
6.9x 107 M0 is very similar to the flux of the 9.6 km s-1 component in the global HI profile 
(Section 4.3.2), the mass of the high dispersion component has been entirely recovered by 
fits of individual profiles. However, only rv50% of the mass of the low dispersion component 
has been recovered, which may be due to the finite sensitivity of the data. 
2 .4 Discussion 
2.4.1 Cold and warm HI in Leo A? 
The most striking new result of these observations is the identification of a low dispersion HI 
component superposed on a widespread high dispersion component. Observations of Galactic 
HI also reveal multiple spectral components. Specifically, emission spectra of Galactic hydro-
gen at 2 km s-1 resolution {Radhakrishnan et al. 1972, Mebold 1972, Kalberla et al. 1985, 
Heiles 1989) show two types of spectral components, one with dispersion (a-) rvl-5 km s-1 
and the other with dispersion rv8-13 km s-1 . The narrower component is not found along 
every line of sight in emission but when it is, it also appears in absorption spectra against 
background continuum sources. The broader component appears everywhere but is not de-
tected in any absorption spectra. The above authors all identify the narrow, optically thick 
spectral features with the clumpy cold neutral medium (CNM, kinetic temperature ""' 100 
K) and the broader, optically thin features with the diffuse intercloud warm neutral medium 
(WNM, ""' 5000 K). Usually 50 to 80% of neutral hydrogen is found in the WNM phase, 
though the fraction is smaller near 30 Doradus in the LMC (Dickey et al. 1994). 
The two spectral components found in Leo A may also be interpreted as the CNM and 
the WNM. Three facts suggest the similarity of the HI profiles in Leo A to those in our 
Galaxy and the LMC: 1) The broader component is distributed throughout the galaxy while 
the narrow component is localized. In fact, the narrow component is concentrated near 
28 
regions of star formation, as is the case for the CNM in the Galaxy and the LMC. 2) The 
dispersions of the narrow and broad components in Leo A, 3.5 and 9 km s-1 , are similar to 
those of cold and warm gas seen in emission in the Galaxy and the LMC. 3) Most of the HI 
is found in the broader component (80% for Leo A). 
There is one major difference between the spectral components found in Leo A and those 
in our Galaxy: the linear resolution of Galactic observations at a typical distance of 3 kpc is 
about 30 pc, compared to 250 pc in Leo A. If our Galaxy were observed at 250 pc resolution, 
the narrow spectral components would likely be broadened by the dispersion in the velocities 
of multiple clouds within the beam. It may be, then, that the narrow component of Leo 
A has a smaller intrinsic dispersion than CNM in the Galaxy and/ or smaller cloud-cloud 
dispersions. Furthermore, the peak brightness temperatures of the narrow component in 
Leo A (up to 73 K) are similar to peak brightness temperatures observed for CNM in the 
Galaxy (e.g. Radhakrishnan et al. 1972, Kalberla et al. 1985), even though HI properties in 
Leo A are averaged over a much larger linear scale. CNM in the Galaxy is thought to have 
a very low volume filling factor of only a few percent (e.g. Kulkarni & Heiles 1988), but if 
the temperatures in the narrow component of Leo A are similar to those in the CNM (about 
100 K), the beam filling factor of that narrow component may be close to unity. 
We should note that fitting line profiles with Gaussian components is a somewhat artificial 
analysis tool, since HI profiles are not necessarily expected to be Gaussian. For example, 
the work of Merrifield (1993) shows that a non-Gaussian HI line profile with a sharp peak 
and broad wings, similar to those shown in Figure 2.6, may be produced by gas which is in 
hydrostatic equilibrium and which has an exponential density distribution along the line of 
sight. This model may explain the non-Gaussian shape of the high column density profiles 
in Leo A. However, since this model would require the HI dispersion to decrease towards 
the center of the galaxy, our fundamental conclusion is unchanged: the neutral gas in Leo A 
must have a low dispersion component concentrated in the central regions of the galaxy in 
addition to the high dispersion component which is more widely distributed. 
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2.4.2 Consistency checks on the CNM/WNM interpretation 
Theoretical steady state models of the ISM (e.g. Field, Goldsmith, & Rahing 1969, McKee 
& Ostriker 1977, Shull & Woods 1985, Wolfire et al. 1995) can explain the presence of two 
phases of neutral gas in the Galaxy, based on the fundamental assumptions that the gas is 
in thermal, pressure, and ionization equilibrium. However, the conditions in the ISM of Leo 
A are very different from the Galaxy, so it is not obvious that we should expect to find two 
neutral phases in equilibrium in Leo A. In particular, the metallicity of Leo A is much less 
than solar; the interstellar UV field in Leo A is probably a factor of 102 to 103 lower than 
the solar neighborhood field, based on relative densities of massive stars; and the supernova 
rate is also about a factor of 103 lower in Leo A, all of which will affect heating and cooling 
rates in the ISM. 
Wolfire et al. (1995) give a detailed description of the heating and cooling processes 
important in the Galaxy. We make the reasonable assumption that the physical processes 
which heat and cool the ISM in Leo A are the same as those in the Galaxy. Based on the 
known metallicity (2% of solar) and estimated UV field of Leo A (10-2 to 10-3 in units of the 
Habing field), photoelectric heating from grains should provide:::::; 2x10-29 nH erg s-1 cm-3 
to the HI medium. The HI density, nH, is in units of atoms cm-3 . The extragalactic diffuse 
X-ray background should provide~ 10-28 nH erg s-1 cm-3 of heating at a HI column density 
of 1020 cm-3, and less at higher column densities in the interior of Leo A. Thus, due to the 
low metallicity and UV field in Leo A, photoelectric heating may be less important than 
heating from extragalactic X rays. At temperatures below 5000 K, the dominant cooling 
mechanism is still CII emission which should remove 10-28 nH2 erg s-1 cm-3 from the HI. 
Between 5000 and 104 K, collisional Ly a cooling varies from ( 4x10-29 to 5x10-24 ) Xe nH2 
erg s-1 cm-3 (xe is the ratio of electron to hydrogen volume densities). The uncertainties 
in these rates are probably at least an order of magnitude. Within these uncertainties, we 
conclude that thermal equilibrium is possible in Leo A, so that a steady state ISM with cold 
and warm neutral gas is not unreasonable. 
30 
Calculations of equilibrium states for the neutral atomic ISM have been made by Wolfire 
(1995), using the same model as in Wolfire et al. (1995) but with a metallicity and UV 
and soft X-ray fields appropriate for Leo A. These calculations confirm that warm (Trvl04 
K) and cold (Trvl0-100 K) phases of HI can exist in equilibrium in these conditions if the 
interstellar pressure is between "'10 and "'1000 cm-3 K. 
It is not clear whether the two spectral components found in Leo A are in pressure 
equilibrium. The narrower component has a peak column density of l.8x1021 cm-2 in a 
feature ,.,,,450 pc across (Figure 2.9), giving a mean density (nH) of 1.3 cm-3 if the gas is 
optically thin. This component's mean dispersion 3.5 km s-1 limits the kinetic temperature 
to :S 1500 Kand gives a gas pressure nT ;;:; 2000 cm-3 K. The broader spectral component 
has a column density peak of 2.2x1021 cm-2 ; if it is distributed on galaxy-wide scales of 
7 kpc, its mean density is 0.1 cm-3. The dispersion 9 km s-1 limits its temperature to 
:::::; 9800 K, for nT ;;:; 980 cm-3 K. Given the large uncertainties, we cannot rule out pressure 
equilibrium between these two HI components. Of course, nonthermal pressures (magnetic, 
cosmic ray, etc.) may be significant as well. 
2.4.3 Kinetic energy in the neutral medium 
The HI velocity dispersions in Leo A are most likely due to a combination of thermal ve-
locities, gas motions, turbulence, and possibly magnetohydrodynamic waves, all of which 
appear to contribute to Galactic velocity dispersions. Therefore, in order for the neutral 
medium of Leo A to be in a steady state, thermal and pressure equilibrium should be ac-
companied by a balance between injection of kinetic energy and dissipation of gas motions 
and turbulence. With simple assumptions (e.g. McKee & Ostriker 1977), we estimate the 
rate of kinetic energy dissipation due to collisions between clouds of radius 100 pc, density 
1 cm-3 , and velocity 9 km s-1 is"' fewx10-30 erg s-1 cm-3 , or a fewx1036 erg s-1 over 
the entire galaxy. This rate is likely to be an underestimate because the smallest linear 
scales currently observable are about 160 pc, and some or all of the dissipation may occur 
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on smaller scales nearer the energy sources. On the other hand, the rate is probably also 
overestimated because some fraction of the 9 km s-1 velocity dispersion in the HI medium 
is probably due to thermal velocities and/or hydrodynamic waves as mentioned above. 
Since Ha: and color-magnitude data for Leo A identify the probable sources of kinetic 
energy in that galaxy, Abbott's {1982) method can be used to estimate the rates of kinetic 
energy input to the neutral medium from supernovae, stellar winds, and expanding HII 
regions. Each of these sources provides "" fewx 10-30 erg s-1 cm-3 • For example, the four 
probable 0 stars would have a total wind luminosity of about 1037 erg s-1 (Chevalier 1990), 
of which 10% might end up as kinetic energy of HI (Lozinskaya 1992). Within a sphere of 
radius 1.5 kpc (volume 4x1065 cm3), we find 2x10-30 erg s-1 cm-3 kinetic energy input from 
stellar winds. These kinetic energy input and dissipation rates are probably only accurate 
to a factor of 10 at best, but they imply that the HI medium of Leo A may be in kinetic 
equilibrium. 
2.4.4 Effects of young massive stars on the HI medium 
These observations present several suggestions that the neutral ISM of Leo A is being stirred 
up, heated, and otherwise affected by the young stars. The conversion of neutral gas to 
ionized gas (Section 2.3.2) is one example, as is the possible sweeping-up of HI around an 
expanding HII region (Section 2.3.2). These two are examples of the ways massive stars 
may be directly creating small scale structures in the HI distribution. The massive stars 
may also be affecting the velocity dispersion of the HI. The increase in column density of 
the high dispersion component near the northeast HII regions (Figure 2.9; Section 2.3.4) 
suggests that the HII regions or their massive stars cause a local increase in the proportion 
of high dispersion relative to low dispersion gas. Likewise, the increase in the dispersion of 
the low dispersion component (Section 2.3.4) near the northeast HII regions may be due to 
the action of those massive stars. Apparently the ISM is not quiescent, even in a galaxy 
with such a low star formation rate as Leo A. 
32 
2.4.5 Conditions required for star formation in Leo A 
The high brightness temperatures of the low dispersion component, even when averaged 
over 250 pc, suggest the possibility that there is a substantial amount of cold and perhaps 
even molecular gas in Leo A. If this low dispersion component in Leo A does represent cold 
atomic hydrogen, and cold gas (especially in molecular clouds) seems to be necessary for star 
formation, we might expect to see star formation wherever the narrow component is found. 
The column density of the narrow component peaks near the three northeast HII regions, 
and this component is also detected near the isolated southwest HII region. However, the 
northwest corner of the high column density HI ring (09h 55m 228 , +30° 59' 30") shows the 
narrow spectral component but has no HII regions or young stars. Apparently the presence 
of the low dispersion HI component is not a sufficient condition for star formation in Leo 
A, or perhaps there is some time delay between the appearance of this component and the 
onset of star formation. Indeed, the issue of a time scale between the establishment of 
sufficient conditions (e.g. Kennicutt 1989) and the beginning of star formation is essential 
to a complete understanding of the star formation process. 
2.4.6 HI in Leo A: the big picture 
In this paper we have developed the following picture of the HI medium in Leo A. There 
is a low dispersion component, possibly the CNM, concentrated in the central regions of 
the galaxy (at least in projection) and a high dispersion component, possibly the WNM, 
spread over larger size scales (the HI "halo" mentioned in Section 4.3.2). These observations 
suggest a picture of cold gas suspended in a warm intercloud medium. Since some of the 
high dispersion component appears to be associated with the HII regions, the low and high 
dispersion components may be somewhat mixed in the interior regions of the galaxy. 
The origin of the HI halo in Leo A is not understood. The halo may be made up of 
pristine or primordial HI, that is, high dispersion gas which simply never cooled, settled 
deeper in the galaxy's potential, and participated in star formation. However, its density 
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would have to be very low and very smooth to avoid significant cooling over a Hubble time, 
since cooling rates are proportional to nH2 . A HI column density of 6x1019 cm-2 in a 1.2 kpc 
feature in the halo (Section 2.3.2) gives a HI density of nH rv 10-2 cm-3, and the limit on HI 
temperature :::; 104 K corresponds to a maximum Jeans' length of 9 kpc. The Jeans' length 
can also be understood as a product of a dynamical timescale and a velocity dispersion, 
which should be comparable to the line-of-sight thickness of the HI gas. This calculation 
suggests that the line-of-sight thickness of the HI in Leo A is also several kpc. 
The halo might also represent gas that was recently accreted onto Leo A and is not yet 
in an equilibrium state. The regular elliptical shape of the halo's column density contours 
(Figure 2.1) provides circumstantial evidence against this interpretation. The halo may 
represent gas which was "puffed up" from the central regions of the galaxy by a period of 
thermal and/or kinetic energy input. Converting the mass of the broad spectral component 
(6.0x107 M0 ) from a dispersion of 3.5 km s-1 to 9 km s-1 requires the addition of 5x1052 
erg. At a rate of a fewx1036 erg s-1 (about 10-30 erg s-1 cm-3, which could come from 
kinetic energy or heating at the current rate of star formation) this amount of energy could 
be added in a fewx 108 years. Along these lines we note that the appearance of the HI in Leo 
A may have been very different in the past when the star formation rate, hence the kinetic 
and thermal energy input rate, was considerably higher than it is now (Tolstoy 1995). 
2.4. 7 Does Leo A contain dark matter? 
The amount and distribution of dark matter in galaxies have important implications for 
galaxy formation and evolution (e.g. Ashman 1990). Therefore, it is of interest to consider 
whether there might be dark matter in Leo A. Given the blue color of Leo A, B-V=0.26, its 
stellar mass-to-light ratio should be M*/LB rv 1 with an error of perhaps a factor of two, 
according to the models of Sargent & Tinsley (1974) and assuming a Salpeter IMF. Then the 
mass of stars in Leo A is 5.3x107 M0 . After correcting the HI mass for a 103 (by number) 
helium abundance, the total observed (luminous) mass of Leo A is 1.6~8:~ x108 M0 . 
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If we presume that the outer parts of Leo A are supported by circular rotation, the 
rotation speed required to support HI at a radius of 4.5 kpc (7') against l.6x 108 M0 is 
found in the usual way to be Ycirc = JGM/R = 12~~ km s-1. However, the observed 
velocity field shows only a very small gradient over the largest spatial scales. If the gradient 
is interpreted as the signature of an inclined, rotating disk, V sin(i) :::; 4 km s-1. In this 
case, the inclination must be :::; 20° in order to make the dynamical mass at least as large 
as the luminous mass. However, if Leo A is nearly face on it has an intrinsically elliptical 
shape (axial ratio between 1.6 and 1.7), which would be difficult to maintain for a significant 
time in pure circular rotation. The mismatch of the velocity gradient and the HI major axis 
(Section 2.3.3) also implies that either Leo A is tumbling rather than spinning, or that the 
velocity gradient is due to something else in addition to circular rotation. Thus, the HI in 
Leo A cannot be distributed in a round disk supported by circular rotation, and it seems 
unlikely that it is in a face on elliptical disk supported by rotation. 
The HI in Leo A may be supported by its own internal pressure as measured by the HI 
velocity dispersion. In its simplest form the virial theorem gives the mass of an object to be 
Mvir = 696 Re a; M0 , with Re being an effective radius in pc and az the one-dimensional 
velocity dispersion in km s-1. The largest mass estimate possible for Leo A is found using 
the largest available radius, 4.5 kpc, and the largest dispersion (the broader component of 
the global HI profile), 9.6 km s-1. These numbers give Muir < 2.9x108 M0 , so that 
Mvir/M1uminous < 1.8±0.4, or Mvir/LB < 5.4 in solar units. If Leo A contains numerous 
undetected faint red stars, the upper limit on Mvir/M1uminous would be on the lower side 
of the range. Thus we conclude that HI in Leo A may be in virial equilibrium, and if so, 
there is no definitive evidence that the dynamical mass of the galaxy is much larger than 
the luminous mass. 
One final alternative remains: Leo A may not be in equilibrium at all. Recent observations 
of HI in the dwarf galaxies Holmberg I and M81 dwarf A (Puche & Westpfahl 1994) and 
Holmberg II (Puche et al. 1992) show that the neutral gas is distributed in kpc-scale shells 
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which are expanding at speeds of about 5 km s-1 ; these results suggest that very small 
galaxies are not necessarily in steady state configurations. 
Indeed, the ring-shaped morphology of the HI in Leo A makes it tempting to suggest that 
Leo A may also be an expanding shell. Unfortunately there is no direct kinematic evidence 
for expansion or contraction in Leo A, though we note that a small velocity gradient such as 
the one observed in the outer parts of Leo A could be produced by either rotation or radial 
expansion of a flattish disk inclined to the line of sight. If Leo A is not in equilibrium, use 
of its total linewidth in a virial calculation would overestimate its dynamical mass. 
2.5 Conclusions 
1. These new observations of Leo A reveal an HI envelope or halo which extends out to 9 kpc 
x 5 kpc, three times the optical extent of the galaxy, at a column density of 4x1019 cm-2 . 
The line-of-sight thickness of this halo is also likely to be several kpc. Regions of high HI 
column density (2: 1021 cm-2) are well correlated with current and recent star formation. 
2. HI line profiles in Leo A can be separated into two components of different dispersions, 
and the dispersion of each component is nearly constant throughout the galaxy. The high 
dispersion component (er= 9 km s-1) is observed everywhere in the galaxy and contains 80% 
of the HI mass; the narrower component (er= 3.5 km s-1) is observed only in the central 
part of the galaxy where the column density is generally high. 
3. The two spectral components may be understood in terms of two phases in the HI 
medium. By analogy with HI observations of our Galaxy and the LMC, these two compo-
nents may represent the CNM (the narrow component) and the WNM (the broader one). 
Absorption spectra would provide the ultimate confirmation or disproof of this interpreta-
tion, but unfortunately there are no suitable continuum sources near Leo A. 
4. At 160 pc resolution, some of the effects of massive stars on the ISM of Leo A can 
be identified. These effects include the creation of small scale HI structure and injection of 
kinetic and/or thermal energy into the ISM. 
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5. The velocity field of Leo A does show a small gradient of V sin(i) rv 4 km s-1 over the 
entire galaxy, but this gradient is not aligned with the HI major axis. These observations 
indicate that the HI in Leo A cannot be distributed in a circular disk supported by rotation. 
Leo A's HI may be supported by its velocity dispersion, or perhaps it is not in equilibrium 
at all. 
6. There is no compelling evidence that the dynamical mass of Leo A is higher than 
the luminous mass, though the true three-dimensional shape and inclination of Leo A are 
still unknown. This result is unusual in the light of recent statements that very few dwarf 
galaxies are not dominated by dark matter (Kormendy 1990, Ashman 1990). Analysis of a 
larger sample of dwarf galaxies (e.g. LSY) is necessary for a more complete understanding 
of the presence of dark matter in dwarf galaxies. 
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Chapter 3 
Molecular Clouds in the Dwarf 
Elliptical Galaxy NGC 2051 
3.1 Introduction 
In order to understand what determines the properties of the interstellar medium (ISM) and 
the relation of that ISM to star formation, it is important to observe the ISM in a variety of 
environments unlike our solar neighborhood. One example of an environment different from 
the solar neighborhood is the interior of the dwarf elliptical galaxy NGC 205, a companion 
of M31. 
Though it is an elliptical, NGC 205 has long been classified as peculiar because it has 
dust clouds and signs of recent star formation near its center (e.g. Hodge 1973, Peletier 
1993). HI in NGC 205 was mapped at 1' resolution by Johnson & Gottesman (1983), and 
a tentative detection of 12CO J=l-0 emission in NGC 205 was reported by Sage & Wrobel 
(1989). Therefore, given the general deficiency of gas and star formation in elliptical galaxies 
(e.g. van Gorkom 1992), NGC 205 presents an excellent opportunity to study the properties 
of the interstellar medium at high spatial resolution in an unusual environment. 
We have imaged the HI and CO emission in NGC 205 with a factor of more than three 
improvement in spatial resolution over the previous observations. We have partially mapped 
1This chapter was published by Young, L. M., & Lo, K. Y. (1996), as the paper "Molecular clouds in the 
dwarf elliptical galaxy NGC 205," ApJ, 464, 59 [copyright 1996 by the American Astronomical Society, and 
reproduced with permission). 
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the CO(l-0) and C0(2-1) emission from dust clouds in NGC 205 with the IRAM 30m 
telescope. We have also imaged its HI at 23" resolution. At a distance of 0.85±0.1 Mpc 
(Saha, Hoessel, & Krist 1992; Lee, Freedman, & Madore 1993), this resolution corresponds 
to 90 pc. We have imaged the CO(l-0) emission from one of the dust clouds in NGC 205 at 
40 pc x 20 pc resolution using the new BIMA 9-element array (Welch et al. 1996). In the 
present paper we discuss what these observations reveal about the properties of the ISM in 
NGC 205 and compare the molecular clouds in NGC 205 to their counterparts in our own 
spiral Galaxy and the SMC. 
3.2 Observations 
NGC 205 was observed in the J=l-0 and 2-1 transitions of 12CO using the IRAM 30m 
telescope on June 24-27, 1995. Four positions in NGC 205 were selected for study based on 
the presence of dust obscuration in optical images (Hodge 1973). The resolution of the 30m 
telescope is 21" at 115 GHz and 11" at 230 GHz (Kramer & Wild 1994), comparable to the 
size of the larger optical dust clouds and to the resolution of our HI data. The telescope was 
operated in the wobbler switch mode with a throw of 180" in azimuth. Integration times were 
typically 1-2 hours at each position. Baselines of order 0 and 1 were subtracted from the 
spectra. The spectra presented in this paper are in the main beam brightness temperature 
scale (Tmb), which is related to antenna temperatures (T~\) by a factor of 1.37 at 115 GHz 
and 2.20 at 230 GHz (Guelin, Kramer, & Wild 1995). These observations and the others 
mentioned below will be described in more detail in a subsequent paper. 
A portion of NGC 205 was observed in the 12CO 1-0 line with the Berkeley-Illinois-
Maryland Association (BIMA) mm-wave interferometer during October and December 1995. 
We obtained a total of 33 hours of observation with six antennas and 16 hours with nine 
antennas. The primary beam of the BIMA array at 115 GHz is 2' in diameter (FWHM), 
and the pointing center was chosen to be the location of the brightest CO emission in NGC 
205 found in the 30m observations. The resulting images have a 10"x5" (40x20 pc) beam 
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and an rms noise of 0.15 Kin one 3 km s-1 channel. 
NGC 205 was also observed in the 21cm line of HI, using the D and C configurations 
of the Very Large Array (VLA) of the NRA02 in 1994-95. The galaxy was observed for 4 
hours in the D configuration and 8 hours in the C configuration. The data were calibrated, 
imaged, and cleaned using standard data reduction routines in the AIPS package. The final 
images have resolutions of 23" and 2.6 km s-1 and an rms noise level of 0.8 K. 
3.3 Results 
3.3.1 Distribution of ISM 
Figure 3.1 shows a narrowband red optical image of NGC 205 (greyscale) along with the HI 
column density (contours), the locations which were searched for CO emission using the 30m 
telescope (triangles), and the dust clouds in Hodge's (1973) Figure 22 (irregular dark areas). 
We detect a total of 4x105 M0 of HI in NGC 205; all of the HI is found within about 3' or 
700 pc of the optical center of the galaxy though the optical galaxy itself is some 22' across 
(de Vaucouleurs et al. 1991). The HI is distributed in an elongated, bent structure 900 pc 
long and 300 pc in width. The structure is clumpy on scales down to the size of the beam 
(90 pc) and shows peak HI column densities of 4x1020 cm-2 on that scale. 
A detailed comparison of dust and HI in Figure 3.1 shows that the dust closely follows 
the elongated, bent HI structure in both shape and extent. In addition, 12CO emission was 
detected with the 30m telescope towards two dust clouds in NGC 205 (Figures 3.1 and 3.2). 
The northern detected CO position is coincident with a local peak in the HI column density 
of 2.4xl020 cm-2 and diameter 150 pc. The southern detected CO position is also near a 
local maximum in the HI column density of about 2x1020 cm-2 • 
The young stars in NGC 205 are concentrated within 30" of the optical center of the galaxy 
(Peletier 1993). The highest concentration of these young stars is about 20" northwest of the 
2The National Radio Astronomy Observatory is a facility of the National Science Foundation operated 
under cooperative agreement by Associated Universities, Inc. 
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Figure 3.1: The greyscale is an optical image of NGC 205; it was obtained at the lm telescope 
of Mount Laguna Observatory in October 1994 as part of a search for Ha emission. This 
image was taken through the Ha+ red continuum filter. The coordinate system in this image 
was determined to an accuracy of better than 1" using 13 stars from the APM catalog. The 
contours show HI column density, which peaks at 4.0xl020 cm-2 (over 23"); contour levels 
are 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90% of the peak. The HI resolution is shown in 
the lower left corner. Filled triangles mark positions where CO emission was detected at 
the 30m telescope; open triangles mark positions where CO was not detected. The irregular 
dark areas illustrate the distribution of dust in NGC 205 as reproduced from Hodge's (1973) 
Figure 22. 
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Figure 3.2: CO spectra from the 30m telescope are compared to HI spectra. The HI spectra 
have a spatial resolution of 23", similar to the 21" of the 30m J=l-0 spectra. On the left, 
the spectra in the northern cloud are shown and the J =2-1 data have been smoothed to the 
same spatial resolution as the J=l-0 data. The J=2-1 transition was not detected at the 
position shown on the right. 
optical nucleus (Peletier 1993; Wilcots et al. 1990; Hodge 1973); this large clump of young 
stars is not coincident with any of Hodge's (1973) dust clouds or with any obvious peak in 
the HI column density (Figure 3.1). 
3.3.2 Molecular clouds 
Table 4.3 gives the Gaussian parameters and integrated intensities of the CO lines detected 
at the 30m telescope. For the northern detected CO cloud in NGC 205, a five-point map 
was made by observing four positions around the central position and offset by 10". The 
results are consistent with a deconvolved source size of 13", in good agreement with the 
BIMA image discussed below. The 2-1 line was then convolved to a resolution comparable 
to that of the 1-0 line. The widths of the 1-0 and 2-1 lines agree within the errors, and the 
ratio of the integrated line intensities (Table 4.3) is 0.92. The expected uncertainty in the 
line ratio is 20%, based on the calibration errors at the two frequencies. 
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Table 3.1: Fitted parameters of 30m CO detections in NGC 205 
a (J2000) line Tmb center FWHM fTmbdV (2-1)/(1-0) 
K km s-1 km s-1 K km s-1 
ooh 4om 24.1 s 1-0 0.19 -249.6±0.3 6.6±0.7 1.44 0.92 
+41° 41' 50" 2-la 0.14 -250.2±0.5 8.5±1.2 1.32 
HI 8.4 -246.7±0.3 14.1±0.8 
ooh 4om 25.98 1-0 0.053 -218.8±1.8 19.8±3.7 1.0 
+41° 40' 19" 2-1 <0.12b 
HI 7.1 -215.2±0.4 12.8±0.9 
ooh 4om 21. l8 1-0 <0.067 
+41° 41' 13" 2-1 <0.16 
ooh 4om 21.68 1-0 <0.13 
+41° 39' 49" 2-1 <0.24 
a convolved to 21" resolution 
b upper limits are 3cr in one channel (1.3 or 2.6 km s-1) 
Table 4.3 also compares the fitted parameters of the CO lines to those of the HI spectra 
at the same position and similar spatial resolution, 23" (Figure 3.2). HI and CO line centers 
differ by only 3.5 km s-1. In the northern cloud the HI width is larger than the CO width by 
a factor of two, but in the southern cloud the HI width is 50% smaller than the CO width. 
The CO emission from the northern dust cloud was also imaged at high spatial resolution 
using the BIMA array (Figure 3.3). The peak brightness temperature observed is 1.0 K, 
located less than 3" from the central position used for the 30m observations of this cloud 
and 7" (30 pc) from the center of the nearby HI column density peak. CO emission is 
detected over a velocity range of 9 km s-1, in agreement with the FWHM of 7 km s-1 
measured by the 30m telescope. The emission is clearly elongated in a northwest-southeast 
direction with a major axis extent of 15", and channel images show smaller clumps within 
this elongated structure. These high resolution BIMA images also show that the cloud has 
a velocity gradient with a magnitude of 0.2 km s-1 pc-1 along the major axis, suggestive of 
rotation. Although Hodge's (1973) Figure 22 shows four additional compact dust clouds in 
the BIMA field of view, no emission is detected from them in the velocity range -180 to -294 
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km s-1 at a 3a level of 0.45 K (averaged over 40 pc x 20 pc). 
3.4 Discussion 
3.4.1 Properties of the ISM 
The dust clouds identified by Hodge (1973) have dimensions of 10 to 200 pc, and the CO 
emission in Figure 3.3 has a dimension of 15" = 60 pc; therefore the molecular clouds we are 
considering in NGC 205 are comparable to Galactic giant molecular clouds (GMCs) in terms 
of linear size. The peak observed CO brightness temperature in NGC 205 of 1.0 K places a 
lower limit on the CO excitation temperature of 4 K. Thus, the 12CO (2-1)/(1-0) line ratio 
of 0.92 for the northern cloud in NGC 205 is consistent with optically thick, thermalized CO 
emission. Typical values for the temperature and density might be nH2 rvl02-103 cm-
3 
and 
T ~ 10 K, though of course they cannot be constrained with only one line ratio. 
A "standard" 12CO 1-0 to H2 conversion ratio of2xl020 cm-2 (K km s-1)-1 (Strong et al. 
1988) gives H2 column densities of 2-3xl020 cm-2 , averaged over 21", for the two detected 
positions in NGC 205. These values are comparable to the peak HI column densities observed 
at the same spatial resolution. Furthermore, from the size of the northern molecular cloud 
(Figure 3.3) and its line width of 6.6±0.7 km s-1 (Table 4.3), we estimate a virial mass 
Mvir ::; 3 X 105 M0. 
The HI clump at the northern detected CO position (Figure 3.1) has a peak column 
density of about 2.4x 1020 cm-2 , which corresponds to an average volume density of 0.5 cm-3 
when averaged over 150 pc. The observed velocity dispersion of this HI constrains its spin 
temperature to be less than 4300 K; kinetic temperatures rvl03 K would give approximate 
pressure equilibrium with the molecular gas described above. The size and linewidth of this 
HI clump give a virial mass of Mvir ::; 3x106 M0 , whereas the total atomic mass of the clump 
is only 6x104 M0 (after correcting for He). Clearly, this atomic cloud is not gravitationally 
bound, and it may not be bound to its associated molecular gas either. 
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Figure 3.3: Channel maps made with the BIMA array and showing the northern molecular 
cloud in NGC 205. The contour levels are -3, -2, 2, 3, 4, 5, and 6 times the rms noise 
(0.15 K). The heliocentric velocity of each channel is marked, and the resolution is shown in 
the lower left corner. The cross marks the peak position and beam size of the 30m J=2-1 
observations. The last panel shows the integrated CO intensity (contours) superposed on 
the HI column density (greyscale); for this panel, the contours are -30, -10, 10, 30, 50, 70, 
and 90 percent of the peak (5.6 K km s-1). 
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3.4.2 Association of molecular and atomic gas 
The identification of individual HI clumps with CO emission in NGC 205 and the agreement 
in HI and CO kinematics suggest a close association between the molecular and atomic gas 
in NGC 205. Since NGC 205 is known to contain some young massive stars, we investigate 
whether the atomic gas in the galaxy might simply be a photodissociated skin around the 
molecular clouds. If so, it would be a very thick skin (100 pc, based on the width of the HI 
distribution in Figure 3.1). 
From the number and approximate spectral type of the young massive stars in NGC 205 
(Wilcots et al. 1990), and the fact that the highest concentration of those stars is in a clump 
about 20" north and west of the nucleus, we estimate that the UV field at the position of the 
northern molecular cloud is about equal to the solar neighborhood interstellar radiation field 
(Draine 1978). Van Dishoeck & Black (1986) have shown that a cloud with a H2 column 
density of 4x1020 cm-2 , immersed in Draine's (1978) UV field, will have an atomic envelope 
of column density 4x 1020 cm-2 if its central density is 200-300 cm-3 • This result is in 
rough agreement with the column densities observed in NGC 205 and with the fact that 
the CO emission appears to be thermalized. However, van Dishoeck & Black (1986) also 
show that the column density of HI surrounding a molecular cloud should be approximately 
proportional to the UV field. In NGC 205 we do not observe a decrease in HI column density 
with projected distance from the prominent clump of young massive stars. 
If HI surrounds a molecular cloud immersed in the UV field of the young stars in N GC 
205, the HI might be expected to have a higher temperature and a larger line width than the 
CO. This expectation clearly holds for the northern detected CO position but not for the 
southern one, which has a larger CO width than HI width. Perhaps there is some internal 
source of kinetic energy, such as current star formation and molecular outflows, stirring up 
the molecular gas at the southern cloud. Unfortunately, the UV image of Peletier (1993) is 
not large enough to reveal whether there are young massive stars near the southern detected 
CO position. 
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3.4.3 Comparison of CO in NGC 205 to the Galaxy, the SMC, 
and M31 
The resolution of the 30m J=l-0 data in NGC 205 is 90 pc, and on these size scales, Rubio 
et al. (1993b) show Galactic and SMC 1-0 line widths (FWHM) varying between 3 and 16 
km s-1 . Line widths in NGC 205 are 7 and 20 km s-1 . We infer that the molecular clouds 
in NGC 205 probably have similar virial masses to the clouds in the Galaxy and the SMC. 
The peak brightness temperature of CO emission observed in NGC 205 (1.0 K) is low 
relative to the expected gas kinetic temperature, and is comparable to brightness temper-
atures observed in the SMC and M31 on similar spatial scales (Rubio et al. 1993a; Allen 
& Lequeux 1993). In the nucleus of M31, Allen & Lequeux (1993) attribute low brightness 
temperatures to sub-thermal excitation because they found 2-1/1-0 line ratios of less than 
0.5. However, this explanation probably does not work for NGC 205 because of its higher 
line ratio. 
If the 2-1/1-0 line ratio of 0.9 in NGC 205 indicates optically thick, thermally excited 
emission, then the low brightness temperatures must be due to a small beam filling factor 
of only a few percent. Rubio et al. (1993b) also interpret low CO brightness temperatures 
in the SMC as due to a very small beam filling factor, presumably the result of the low 
metallicity and high UV field in the SMC. However, the metallicity of NGC 205 (0.5 times 
solar, Richer & McCall 1995) is higher than in the SMC and the UV field in NGC 205 is 
comparable to that in the solar neighborhood (Section 3.4.2). 
3.4.4 Star formation and the ISM 
The CO-to-H2 conversion factor mentioned in Section 3.4.1 gives a lower limit on the total 
molecular gas mass in NGC 205 as 9x104 M0 , including helium. (The lower limit arises 
primarily because we have not observed the entire galaxy.) Thus, the molecular gas mass 
is probably somewhat smaller than the atomic gas mass of 6x105 M0 (including He). The 
dust mass estimated by Fich & Hodge (1993) is ~ 1300 M0 . 
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In comparison, the total mass of young ("'107 years old) stars in NGC 205 has been 
variously estimated at a fewx105 to a fewx106 M0 (Wilcots et al. 1990; Hodge 1973). If 
these estimates are correct, the mass of young stars in NGC 205 is close to the total amount 
of neutral ISM present in the galaxy. The mass of young stars is especially high if we consider 
that star formation is usually inefficient at converting gas to stars, so that 105 to 106 M0 of 
young stars probably required 106 to 107 M0 of neutral gas just 107 years ago. We suggest 
that either the estimates of the mass of young stars in NGC 205 are too high by about a 
factor of 10, or that the recent episode of star formation in NGC 205 was unusually efficient 
in using or destroying neutral gas, or that most of the molecular gas in NGC 205 has not 
yet been detected. 
3.5 Summary 
The HI in the dwarf elliptical galaxy NGC 205 is distributed in an elongated, bent structure 
900 pc long and 300 pc wide. We find close agreement between the distribution of atomic 
gas and dust and between the kinematics of atomic and molecular gas at resolutions of 90 
pc, suggesting a close physical association between the atomic and molecular gas. A 12CO 
2-1/1-0 line ratio of 0.9 is measured for one molecular cloud in NGC 205; this cloud is 
elongated, with a dimension of 15" northeast-southwest, and it appears to be rotating. The 
CO line ratio, line widths and cloud sizes suggest that the molecular gas in NGC 205 has 
similar properties to that in the Galaxy and the SMC. 
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Chapter 4 
The Neutral ISM of the Dwarf 
Elliptical Galaxies NGC 185, 
NGC 205, and NGC 1471 
4.1 Introduction 
To date there has been much observational and theoretical work on the properties of the 
interstellar medium (ISM) in our own spiral Galaxy and its Local Group neighbors. The 
advantage of observing nearby galaxies is, of course, high spatial resolution; in Local Group 
galaxies it is possible to study the properties of the ISM on the scale of individual giant 
molecular clouds ( ,..,_,50 pc) and smaller. However, in addition to the well known spiral 
members and the Magellanic Clouds, the Local Group also contains a wide variety of rather 
poorly-studied dwarf galaxies with varying morphologies and star formation rates. The ISM 
in these dwarfs may or may not be very different from the ISM in larger galaxies with spiral 
density waves and bars. 
It is also becoming clear that many, if not most, elliptical galaxies have at least a small 
amount of interstellar gas (e.g. van Gorkom 1992) and that understanding the properties 
of that ISM gives important clues to the evolutionary history of ellipticals. Unfortunately, 
most large elliptical galaxies are so far away (~ 10 Mpc) that radio observations of HI and 
1This chapter was published by Young, L. M., & Lo, K. Y. (1997), as the paper "The Neutral ISM in 
Nearby Dwarf Galaxies. II. NGO 185, NGO 205, and NGO 147,'' ApJ, 472, 127 [copyright 1997 by the 
American Astronomical Society, and reproduced with permission]. 
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molecular gas cannot resolve structures smaller than several hundred pc. Higher resolutions 
are clearly desirable, especially for the purposes of comparing the ISM in ellipticals to that 
in nearby spirals. 
In this context we present observations of the ISM in three Local Group, low surface 
brightness dwarf elliptical (dE) galaxies: NGC 147, NGC 185, and NGC 205. All three are 
companions of M31; in fact, NGC 205 shows signs of an interaction with M31 (Bender et al. 
1991). Furthermore, it has been known for some time that NGC 185 and 205 contain gas; 
dust obscuration is visible in optical images of the galaxies, though the origin of this gas is 
not well understood. NGC 185, 205, and 147 thus provide a unique opportunity to study 
the properties of the ISM at high resolution in an unusual setting, the interiors of dwarf 
elliptical galaxies. 
One goal of this project is to understand the properties and distribution of the ISM on 
scales :::; 80 pc. It is often asserted that the ISM in non-spiral galaxies may be very different 
from the ISM in the disk of our Galaxy; such statements should be investigated before we can 
claim to understand the ISM. In a previous paper (Young & Lo 1996a) we showed that the 
small scale structure, kinematics, and velocity dispersion of HI in the nearby dwarf galaxy 
Leo A may reveal the structure of the ISM through the distribution of warm and cold neutral 
gas. In the current paper we extend this idea by combining detailed studies of HI in two 
dwarf elliptical galaxies with observations of molecular and ionized gas. A second goal of 
this project is to use the morphology and kinematics of the ISM in the dwarf ellipticals in 
comparison with what is known about HI in giant elliptical galaxies to elucidate the origin 
of this ISM. 
NGC 185, 205, and 147 are sometimes classified as dwarf ellipticals and sometimes as 
ellipticals (e.g. Hodge 1993), which reflects a lack of consensus about the classification of 
dwarf galaxies in general. In this paper we will refer to the three galaxies as dwarf ellipticals, 
but we acknowledge that they share many similarities with giant ellipticals. 
Previous HI images of NGC 185 and 205 at 70" resolution were made by Johnson and 
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Gottesman (1983), hereafter JG. Wiklind and Rydbeck (1986) also reported a detection of 
CO emission in NGC 185, and Sage and Wrobel (1989) made a tentative detection of CO 
in NGC 205. G. Welch et al. (1996) have also recently observed the CO J=2-1 line at 
21" resolution in several positions in NGC 185. In a previous paper (Young and Lo 1996b, 
hereafter YL96b) we presented observations of the CO emission in NGC 205 made with the 
IRAM 30m telescope and the BIMA array, and compared the CO emission to observations of 
HI at about the same spatial resolution. In the current paper, we present VLA observations 
of HI in NGC 185, 205 and 147, as well as additional observations of CO in NGC 185 with 
the 30m telescope and Ha images of NGC 185. 
4.2 Observations 
4.2.1 HI 
HI observations were obtained at the Very Large Array (VLA) of the NRA02 . NGC 185 
was observed for a total of 4.5 hours in the VLA's D configuration (maximum baseline 1 
km = 4.5 kA) on February 2 and 4, 1994. NGC 185 was also observed for 8 hours in the C 
configuration on November 18, 1994. The point source B2352+495 was observed every 40 
minutes for use as a complex gain calibrator, and the strong source B0134+329 was observed 
once each day for use as a bandpass and flux density calibrator. The spectral resolution is 
2.6 km s-1 in the D configuration data and 1.3 km s-1 in the C configuration data. Data 
from the C configuration were smoothed to 2.6 km s-1 spectral resolution before combining 
with the D configuration data. The velocity ranges from -144 to -165 km s-1 and from -237 
to -257 km s-1 (heliocentric velocities are used throughout this paper) were identified as 
line-free. Continuum emission was subtracted directly from the combined dataset using the 
task UVLIN in the AIPS package. This combined dataset was used to make images of the 
HI at low spatial resolution (72"x64", with rms noise 0.83 mJy/beam = 0.11 K), medium 
2The National Radio Astronomy Observatory is a facility of the National Science Foundation operated 
under cooperative agreement by Associated Universities, Inc. 
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resolution (28"x26", rms noise 0.54 mJy/beam = 0.46 K), and high resolution (21"x20", rms 
noise 0.56 mJy/beam = 0.78 K). At the adopted distance of 600±60 kpc (Saha & Hoessel 
1990; Lee, Freedman, & Madore 1993), 21" = 61 pc. 
NGC 205 was observed for 4 hours in the VLA's D configuration on April 2, 1995 and 
for 7 hours in the C configuration on November 20, 1994. The point source B0026+346 
was observed every 35 minutes for use as a complex gain calibrator and B0134+329 was 
used as a bandpass and flux calibrator. The spectral resolution in both datasets is 1.3 
km s-1 . Data from the two configurations were combined with equal weight. Continuum 
emission was subtracted in the same manner as for NGC 185, using line-free velocity ranges 
from -84 to -175 km s-1 and -291 to -342 km s-1 . A low resolution image (77"x71", rms 
noise 0.80 mJy /beam = 0.088 K in a 3.9 km s-1 channel) covering both NGC 205 and 
M31 was made first. Though NGC 205 and M31 do not overlap spatially, strong sidelobes of 
M31 contaminate the entire image. Deconvolution of this image largely (but not completely) 
removed M3l's sidelobes; at the position of NGC 205, some contamination remains at a level 
of ±1 mJy /beam in velocities more negative than about -225 km s-1 . The low resolution 
image of NGC 205 shows only compact HI emission with a size scale less than 6.5'. Thus, 
the contamination from M31 was removed from the higher resolution images by excluding 
data on baselines shorter than 800 wavelengths. A medium resolution image was made at 
a resolution of 24"x21" with an rms noise of 0.67 mJy/beam = 0.80 K in a 2.6 km s-1 
channel; a high resolution image was also made at a resolution of 17" x 16" with an rms noise 
of 1.0 mJy /beam = 2.2 K in a 1.3 km s-1 channel. The distance of NGC 205 is taken to be 
850±100 kpc (Saha, Hoessel, & Krist 1992; Mould, Kristian & Da Costa 1984) so that 17" 
= 70 pc. 
NGC 147 was observed for three hours in the VLA's D configuration on April 17, 1995. 
The point source J2355+498 was observed every 35 minutes as a complex gain calibrator 
and J0137+331 was observed once for use as a bandpass and flux calibrator. The velocity 
range observed was -46 to -324 km s-1 (heliocentric), centered on the stellar velocity of -193 
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km s-1 (Bender et al. 1991). About 8% of the data were flagged because of corruption by 
solar interference. Continuum emission was subtracted from the data in the same manner 
as for NGC 185 and 205, using line-free velocity ranges -105 to -157 km s-1 and -234 to -286 
km s-1 ; the data were imaged and inspected both before and after continuum subtraction. 
The final images have resolutions of 66"x60" and 2.6 km s-1 , and therms noise level in 
line-free regions is 1.3 mJy /beam = 0.2 K. A distance of 610±70 kpc (Saha, Hoessel, and 
Mossman 1990) is assumed; 66" = 190 pc. 
4.2.2 Single dish CO spectra 
NGC 185 and NGC 205 were observed in the J=l-0 and 2-1 transitions of 12CO using the 
30m telescope of IRAM on June 24-27, 1995. Two positions in NGC 185 and four positions in 
NGC 205 were selected for study based on the presence of dust absorption in optical images 
(Hodge 1973, Gallagher and Hunter 1981). The telescope was operated in the wobbler switch 
(nutating subreflector) mode with a cycle time of 4 seconds and a throw of 180" in azimuth. 
System temperatures varied widely during the observing run, from about 400 K and 600 K 
at 115 and 230 GHz, respectively, to >2000 K. Integration times were typically 1-2 hours 
at each position. The beam size is 21" at 115 GHz and 11" at 230 GHz (Kramer and Wild 
1994), comparable to the size of the larger optical dust clouds and to the resolution of the 
HI data. Baselines of order 0 and 1 were subtracted from the spectra. The spectra presented 
in this paper are in the main beam brightness temperature scale, which was obtained by 
multiplying antenna temperatures by the ratio of forward to main beam efficiencies (a factor 
of 1.37 at 115 GHz and 2.20 at 230 GHz; Guelin, Kramer, and Wild 1995). The temperature 
scale was checked with periodic observations of W30H and was found to be accurate and 
repeatable at a level of about 10% for 115 GHz and about 15% at 230 GHz (Mauersberger 
et al. 1989). The pointing was checked regularly throughout the observing, and the pointing 
errors are consistent with the 3.5" rms expected for the period soon after a pointing model 
update (Greve et al. 1996). 
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4.2.3 Interferometric CO data 
A portion of NGC 205 was observed in the 115 GHz transition of 12 CO with the Berkeley-
Illinois-Maryland Association (BIMA) mm-wave interferometer (W. Welch et al. 1996). The 
data consist of 33 hours of observation with six antennas and 16 hours with nine antennas. 
Projected baselines varied from 3 to 48 k.A. The primary beam of the BIMA array at 115 
GHz is about 2', which is too small to cover the entire central part of NGC 205; thus, the 
pointing center was chosen to be the location of the brightest CO emission found in the 30m 
observations. System temperatures typically varied between 400 and 1000 K. The sources 
3C84 and BL Lac were observed every 35 minutes for use as flux density and complex gain 
calibrators. The assumed flux densities were 5.6 Jy and 5.5 Jy for 3C84 in October and 
December 1995, respectively, and 4.3 Jy and 3.2 Jy for BL Lac in October and December 
1995. Only the on-line (autocorrelation) bandpass calibration was used; it is expected to be 
accurate to a few percent, which is adequate for these observations at low dynamic range. 
The spectral resolution was 0.5 km s-1. The final images have a resolution of 10"x5"= 40 
x20 pc and an rms noise level of 0.15 K brightness temperature in a 3 km s-1 channel. 
4.2.4 Ha images 
NGC 185 and NGC 205 were observed with the lm telescope of Mount Laguna Observatory 
on October 3 and 6, 1994. The telescope was equipped with a TI 800x800 chip, and the 
f/7.5 secondary mirror was used with a 3:1 focal reducer to produce an image scale of 0.99" 
per pixel. The Ha filter had a central wavelength of 6567 A and a FWHM of 62A; the 
continuum filter had a central wavelength of 6647 A and a FWHM of 66A. The seeing during 
this observing run varied from 2.2"-3.0", and both nights were determined to be photometric 
based on observations of standard stars. One 30-minute and two 40-minute exposures were 
obtained for each galaxy in each filter. Flat-fielding was done using images of a dome flat. 
The sky level in each image was estimated from the peak of a histogram of image values 
and was subtracted; the images were then convolved to the same resolution and aligned. 
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The continuum (off) image of each on-off pair was scaled so as to remove the smooth stellar 
emission in the galaxy, and the resultant continuum-subtracted Ha images were median 
filtered to produce the final Ha image. Flux calibration was obtained from exposures on 
spectrophotometric standards (Oke & Gunn 1983) at various airmasses, interspersed with 
the long galaxy exposures. The rms noise level in the final continuum-subtracted Ha images 
is about 2.5x10-17 erg s-1 cm-2 arcsec-2 in regions near the centers of the galaxies. 
4.3 Results 
4.3.1 Upper limit on HI mass in NGC 147 
The HI images of NGO 147 show no detectable emission or absorption within the 30' primary 
beam of the VLA in the velocity range -84 to -324 km s-1; in comparison, the velocity of 
the stars in NGO 147 is known to be -193 km s-1 (Bender et al. 1991). The images do show 
significant emission throughout the primary beam in the velocity range -46 to -82 km s-1 . 
This emission has a peak intensity of 86 mJy /beam = 13 K at a velocity of -72 km s-1. 
However, it is almost certainly Galactic in origin, as the HI survey of Heiles and Habing 
(1974) shows a large HI complex 5° across at this position and at -50 to -80 km s-1 . 
The images of NGO 147 have a noise level in a 2.6 km s-1 channel of 1.3 mJy /beam = 
0.20 K, so the column density limit at a level of 3a over .6.v km s-1 is 1.1x1018 .6.v cm-2 . 
The corresponding mass limit within one 66"x60" beam is 3.3xl02 .6.v M0 or 3x103 M0 for 
a 3a detection over 8 km s-1 . Thus, for an unresolved source, this mass limit makes a factor 
of 30 improvement over the limit of 104 .6.v M0 from single dish measurements by Fisher 
and Tully (1981). The new limits are also improvements over the value of 8x103 M0 briefly 
noted in JG which, however, does not refer to the velocity range around -190 km s-1 where 
the stars are found. 
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Figure 4.1: Global HI profiles of NGC 185 (left) and NGC 205 (right). Note that the velocity 
scales are different in the two galaxies. 
4.3.2 Large-scale properties of HI in NGC 185 and 205 
NGC 205 
The low-resolution images of NGC 185 and 205 were used to derive total HI profiles for those 
galaxies (Figure 4.1). As mentioned in section 4.2.1, the lowest resolution channel images 
of NGC 205 still show some low level contamination by sidelobes of M31 at velocities more 
negative than -225 km s-1 . This contamination can be seen as baseline ripples in Figure 4.1; 
nevertheless the HI profile of NGC 205 is much improved over the previous version in JG. 
Based on the level of contamination in the channel images, this effect is unlikely to bias the 
total HI mass of NGC 205 by more than 15%. The total HI mass of NGC 205 integrated 
over a velocity range of -180 to -275 km s-1 is 2.5 Jy km s-1 , or 4.3x 105 M0 at a distance 
of 0.85 Mpc. The HI centroid of -221±1 km s-1 formally disagrees with the stellar velocity 
measurements of -241±3 km s-1 determined by Bender et al. (1991) and -244±1 km s-1 by 
Peterson & Caldwell (1993); this disagreement is discussed further in section 4.3.4. 
HI emission from M31 at a level of 3x 1019 cm-2 extends to just 7' = 1.8 kpc from the 
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center of NGC 205. However, there is no evidence of any feature smoothly connecting the 
two galaxies in position and velocity which might be interpreted as a bridge or a tidal tail. 
The velocity of the HI in NGC 205 is about -220 km s-1 and that of the HI in M31 is 
about -280 km s-1 at the positions closest to NGC 205. Furthermore, the HI emission which 
was reported by JG at a position ooh37m15s +41° 21'(1950.0) and -240 km s-1 and was 
interpreted as a possible tidal feature, caused by interaction with M31, is not detected at 
an upper limit of 1.6 mJy /beam ( = 2o-). We suggest that that feature was most likely an 
artefact caused by the very strong, large scale sidelobes of emission in M31 at these velocities. 
NGC 185 
The HI profile of NGC 185 (Figure 4.1) is well described by a Gaussian component centered 
at -203±1 km s-1 , with a dispersion of 15.3 ±0.8 km s-1 . Thus, the HI velocity is in 
good agreement with the heliocentric stellar velocity of -202±3 km s-1 measured by Bender, 
Paquet, & Nieto (1991) but is not in agreement with the stellar velocity of -217±8 km s-1 
measured by Held et al. (1992). Although Figure 4.1 shows only a range of -140 to -260 
km s-1 for NGC 185, the D configuration observations of that galaxy covered a velocity 
range of -120 to -350 km s-1 and no HI emission is detected outside the range shown here. 
The total HI mass detected in NGC 185 is 1.17±0.04 Jy km s-1 or for optically thin emission 
at a distance of 0.60 Mpc, 1.0x105 M0 . 
The high sensitivity, low resolution images of NGC 185 and NGC 205 show that both 
galaxies have compact HI distributions only a few arcminutes across, much smaller than the 
optical extent of the galaxies. The largest extent of the HI in NGC 185 is 3.7' = 650 pc at 
a column density of 5x1018 cm-2 (averaged over 70"); the Holmberg diameter of NGC 185 
is 13' (de Vaucouleurs et al. 1991), nearly four times larger than the HI extent. The largest 
extent of the HI in NGC 205 is 6.5' x 4.2' = 1.6 kpc x 1.0 kpc, also at a column density level 
of 5x1018 cm-2 , and the Holmberg diameter of NGC 205 is 22'. Though the observed HI 
structures are only a few arcminutes across, it is important to note that the D configuration 
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VLA data would be sensitive to larger HI structures, up to at least 10' in size, if they were 
present in these galaxies. 
4.3.3 Distribution of HI in NGC 185 and 205 
NGC 205 
Figures 4.2 and 4.3 show the distribution of HI in NGC 205 and 185 at resolutions of 23" and 
28" respectively. The HI in NGC 205 is distributed in an elongated, bent structure 900 pc 
long and 300 pc in width. The HI is roughly, but not exactly, aligned with the stellar major 
axis at position angle -15°. The structure is clumpy on scales down to the size of the beam 
(90 pc) and shows peak HI column densities of 4x1020 cm-2 on that scale. The distribution 
of HI in NGC 205 is asymmetric with respect to the optical center of the galaxy, as the HI 
extends about twice as far to the south of the optical center as it does to the north of the 
optical center. The highest HI column densities in NGC 205 are found about 1' south of the 
optical center of the galaxy. Figure 4.2 also shows the locations of 9 bright, blue stars with 
U-B~ 0.14 and absolute U magnitudes ~ -3.06 (Peletier 1993). 
NGC 185 
The HI in NGC 185, when imaged at 28" (80 pc) resolution, is centrally concentrated in a 
structure of 350 pc diameter which shows several extensions to the north, east, and southeast. 
The peak HI column density in NGC 185 is 2.9x1020 cm-2 , measured at a slightly higher 
resolution of 60 pc. Though the peak HI column density occurs only about 10" from the 
optical center of the galaxy, the HI is again asymmetrically distributed and extends farther 
to the northeast than to the southwest. Figure 4.3 includes the locations of 80 bright blue 
stars identified by Lee et al. (1993) as having B-V~ 0.6 and absolute V magnitudes~ -0.95. 
Some of the bright blue stars appear to be outside the HI distribution in this figure, but at 
lower resolution we detect HI with a column density~ 5xl018 cm-2 at the locations of all 
bright blue stars. 
63 
4230 
00 
-0 0 
0 
C\I 
.., 
-z 00 
0 
~ 
z 
:J 
0 
w 
c 
00 
00 40 30 25 20 15 
RIGHT ASCENSION (J2000) 
Figure 4.2: HI column density in NGC 205 (contours), superposed on a narrowband 
Ha+continuum image. The resolution of the HI image is 23" = 95 pc, shown in the lower 
left corner. The HI column density contours range from 2xl019 cm-2 to 3.8xl020 cm-2 in 
intervals of 4x1019 cm-2 • Filled triangles mark the locations of CO detections from the 30m 
telescope, and open triangles mark locations of non-detections. Crosses mark the locations 
of nine stars with U-B~ 0.14 and Mu ~ -3.06 (Peletier 1993). The five-pointed star shows 
the position of the compact blue nucleation at the center of the galaxy. The optical and 
radio images were aligned to within 1" using the positions of 15 stars from the APM catalog. 
This figure shows only the central parts of the galaxy, as the optical emission extends beyond 
the edge of the frame. M31 is to the southeast. 
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4.3.4 HI velocity fields 
NGC 205 
Figure 4.4 shows the intensity-weighted velocity field of HI in NGC 205 superposed on 
contours of HI column density. There is a clear velocity gradient in a north-south direction 
with a magnitude of 42 km s-1 over 900 pc; this result does not depend on whether one uses 
the intensity-weighted mean velocity or Gaussian fits. Bender et al. (1991) searched for a 
stellar velocity gradient along the major axis of NGC 205 (position angle -15°) but found 
no velocity change with an upper limit of 1.5±0.8 km s-1 over 150". The HI in NGC 205 
shows a velocity difference of 27 km s-1 in 110" from the optical center of the galaxy towards 
the southeast, along the direction of the slit used by Bender et al. We conclude that the 
velocity field observed in the HI of NGC 205 is inconsistent with that observed in the stellar 
component of NGC 205, and that the HI and the stars are kinematically distinct. 
Figure 4.4 also clarifies the nature of the discrepancy between the stellar and HI velocities 
of NGC 205 (Section 4.3.2). The velocity of the HI towards the optical center of the galaxy 
is about -240 km s-1 , which agrees with the stellar velocity of NGC 205, though the global 
HI profile is offset by 20 km s-1 from the stellar velocity of the galaxy. 
NGC 185 
The velocity field of HI in NGC 185 (Figure 4.5) does not show any evidence for a systematic 
velocity gradient. However, the velocity field is complicated by the spatial overlap of clumps 
at different velocities (Section 4.3.5). For example, an apparent gradient of about 20 km s-1 
in a north-south direction through the optical center of the galaxy is primarily caused by 
two prominent clumps of gas at -180 km s-1 and -222 km s-1 . The clump structure causes 
double-peaked HI profiles, and thus quantitative analysis of the intensity-weighted velocity 
field is not meaningful. Apart from the two clumps mentioned above there is little clear 
evidence of a systematic velocity gradient in NGC 185 at the level of less than 5 km s-1 . 
Bender et al. (1991) and Held et al. (1992) also fail to find rotation in the stellar component 
66 
414300 
4230 
00 
4130 
-0 0 
0 -220 
C\I 
..., 00 
-z 
0 
i= 
<C 40 30 z 
::J 
0 
w 
c -230 
00 
39 30 
00 
3830 [j] 
00 40 30 28 26 24 22 20 18 16 RIGHT ASCENSION (J2000) 
14 
Figure 4.4: Velocity field of the HI in NGC 205 superposed on HI column density contours 
as in Figure 2. The velocity field is calculated as the intensity-weighted mean velocity. The 
greyscale ranges from -250 to -200 km s-1 . 
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of NGC 185 at levels of 1.2±1.1 km s-1 over 100" from the optical center of the galaxy, along 
the major and minor axes (position angles 50° and 140°). 
4.3.5 Small scale HI structure and velocity dispersion 
NGC 205 
Figure 4.6 shows channel images of the HI in NGC 205. The most striking result of these 
channel images is that the HI distribution is very strongly clumped. Because of the elongated 
HI distribution in NGC 205 and the mostly simple, single-peaked line profiles, many of the 
clumps can also be seen in the HI column density image. 
We have identified seven of the largest, brightest HI clumps in NGC 205 from their 
appearance in the channel images. The integrated HI spectrum of each clump was fit with 
Gaussian components to find the velocity and velocity dispersion of the clump. The sizes 
of the clumps were measured by integrating each clump in velocity and fitting the resultant 
image with a two-dimensional elliptical Gaussian profile. These measurements were made 
using the data cube with 23" resolution because of its high signal-to-noise ratios. Table 4.1 
gives coordinates, velocities, velocity dispersions, HI masses, and radii (geometric mean of 
the semi-major and semi-minor axes, deconvolved from the beam size) for the brightest HI 
clumps in NGC 205. The formal errors in the fitted velocities and dispersions vary between 
0.3 and 1 km s-1 . Since the velocity field in NGC 205 shows a gradient of 42 km s-1 over 
nearly 200", the velocity difference over one 23" beam is less than 5 km s-1 . Thus, beam 
smearing affects the profile widths at less than the 10% level even for the narrowest profiles. 
The HI masses are, however, only accurate to 15-30%. 
Since the locations of young massive stars in NGC 205 are known (e.g. Fig 4.2), we 
have searched the HI distribution for evidence of the effects of young stars on the atomic 
gas. Such effects might include expanding HI shells around massive stars with strong stellar 
winds, increased HI velocity dispersion around the massive stars, and either a correlation or 
an anticorrelation between HI column density and the locations of the young stars. In NGC 
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Figure 4.5: Velocity field of the HI in NGC 185 superposed on HI column density contours 
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Figure 4.6: Channel images showing the structure of the HI emission in NGC 205. The 
resolution of these images is 23". The heliocentric velocity of each channel is indicated, and 
the two crosses mark positions of CO detections (YL96b). Contour levels are in units of 2a 
= 1.4 mJy /beam = 1.6 K. 
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Table 4.1: Estimated properties of HI clumps in NGC 205 
a (J2000) 0 (J2000) Vm am Mm Radius 
km s-1 km s-1 104 M0 pc 
ooh 4om 22.95 +41° 40' 09" -216.3 8.5 11.2 84 
ooh 4om 23. 7s +41° 40' 12" -215.8 5.8 2.7 75 
ooh 4om 22.78 +41° 41' 18" -238.3 10.4 7.0 90 
ooh 4om 23. 7s +41° 41' 51" -243.7 8.5 5.4 53 
ooh 4om 21.45 +41° 41' 14" -251.4 3.7 1.1 65 
ooh 4om 22.25 +41 ° 40' 44" -225.9 10.5 9.0 81:a 
ooh 4om 20.55 +41° 39' 30" -208.8 8.5 5.9 81: 
a Values marked with a colon are uncertain 
because of confusion with neighboring clumps. 
205 we observe that the young stars are generally found on the north and west sides of the 
HI distribution and that they are not located on local HI column density peaks. No strong 
evidence for direct effects of young stars on the HI medium is found. Of course, the young 
stars indicated in Figure 4.2 are not all of the young massive stars in the galaxy but merely 
the ones for which there are published colors (Peletier 1993; Gallagher & Mould 1981). 
NGO 185 
Figure 4.7 presents channel images of the HI in NGC 185. Two prominent clumps are 
seen at velocities of about -176 km s-1 and -222 km s-1, and numerous other clumps are 
easily identifiable at velocities near -200 km s-1 . The clumps are close together in the two 
spatial dimensions, so that the integrated HI intensity (Figure 4.3) has a smooth centrally 
peaked structure. However, the strongest clumps are easily identified in the velocity field 
and in multiply peaked HI line profiles. For instance, the prominent clump at -222 km s-1 
is obvious as a strong, narrow, isolated peak in the southern part of Figure 4.8. Thus, 
to disentangle the kinematics and dispersion of the HI in NGC 185 it is first necessary to 
identify the most obvious clumps and study them individually. HI clumps were identified 
and measured using the same method described for NGC 205; in the case of NGC 185, the 
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Table 4.2: Estimated properties of HI clumps in NGC 185 
a (J2000) 0 (J2000) Vm am Mm Radius 
km s-1 km s-1 104 M0 pc 
ooh 33m 58.08 +48° 20' 3511 -179.6 6.2 0.6 50 
OOh 39m 01.58 +48° 20' 4411 -207.8 4.9 0.8 67 
ooh 39m 01.08 +48° 21' 2011 -200.1 6.4 0.4 46 
ooh 39m 03.08 +48° 19' 4511 -202.0 9.6 0.7 66 
ooh 33m 59.38 +48° 20' 00" -222.1 3.9 1.1 54 
ooh 33m 58.08 +48° 20' 2011 -199.6 15.2 0.7 54 
cube with 2811 resolution was used. Table 4.2 gives the fitted parameters of HI clumps in 
NGC 185. 
From the velocities in column 3 of Table 4.2 we estimate that the velocity dispersion 
of the brightest HI clumps in NGC 185 (the clump-clump dispersion) is 14 km s-1 , which 
is in agreement with the dispersion of 15.3±0.8 km s-1 measured in the global HI profile. 
This dispersion is somewhat smaller than that of the stars in NGC 185, which is 22 km s-1 
(Bender et al. 1991). The accuracy of the clump-clump dispersion is limited by the fact that 
only six clumps have been identified. 
Because the HI clump at -222 km s-1 is so bright and easily isolated in space and velocity 
from neighboring clumps, we have studied its properties in detail by fitting Gaussian com-
ponents to the individual profiles. When observed at 2811 = 80 pc resolution, the clump's 
peak brightness temperature is 7.1 K and its peak HI column density is l.3xl020 cm-2 . 
The clump shows a small velocity gradient from -224 km s-1 on the southeast side to -219 
km s-1 on the northwest side, or about 0.04 km s-1 pc-1 . The magnitude of this gradient is 
well determined since the typical error in each velocity measurement is less than 0.5 km s-1 . 
Velocity dispersions in the individual profiles vary between 3 and 4 km s-1 . Averaging the 
peak HI column density or the HI mass of this clump over a deconvolved source size of about 
100 pc gives HI volume densities ""1 cm-3 . 
As in NGC 205, we have searched for obvious effects of the young massive stars on the 
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Figure 4.7: Channel images showing the structure of HI emission in NGC 185. The resolution 
of these images is 21". The heliocentric velocity of each channel is marked, and the two crosses 
show the positions of the two CO detections from the 30m telescope. Contour levels are in 
units of 20' = 1.1 mJy /beam = 1.6 K. 
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Figure 4.8: HI profiles vs. position in the central part of NGC 185. The velocity range 
covered is -144 to -257 km s-1 . The resolution of these data is 28", and the profiles are 
separated by 12". The intensity scale is 5 mJy /beam = 4.3 K. The clumpy structure of HI 
in NGC 185 can be seen in the irregular, multiply-peaked profile shapes. 
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HI medium of NGC 185. We note that the HI clump with the highest dispersion (15 km s-1) 
is also the clump that is nearest in projection to the high concentration of blue stars in the 
center of the galaxy, and an increase in HI velocity dispersion might be expected due to 
the stellar winds and supernovae associated with young massive stars. However, this result 
might be purely coincidental. We have not been able to identify expanding HI shells or other 
suggestive structures in NGC 185 at 60 pc resolution, except for the possible interpretation 
that the entire HI distribution of NGC 185 (Figure 4.7) shows an expanding or contracting 
shell of 2' diameter and expansion/contraction velocity 25 km s-1 . 
4.3.6 Molecular clouds 
NGC 185 
YL96b describe the results of IRAM 30m and BIMA telescope observations of molecular 
clouds in NGC 205. In addition to NGC 205, we made brief observations of 12CO emission 
at two positions in NGC 185 (Figures 4.3 and 4.9). Table 4.3 gives the fitted Gaussian 
parameters which best describe the lines in NGC 185 as well as integrated intensities of 
the spectra and fitted parameters of HI profiles at the same position. A "standard" 12CO 
1-0 to H2 conversion ratio of 2xl020 cm-2 (K km s-1)-1 (Strong et al. 1988) gives H2 
column densities of 4x1020 and 2x1020 cm-2 , averaged over 21", for the two positions in 
NGC 185. In comparison, the HI column densities at those positions, also averaged over 21", 
are 2.lx1020 and l.5x1020 cm-2 . 
Detailed comparison of the atomic and molecular gas in NGC 185 provides evidence that 
the molecular emission is associated with individual HI clumps. For example, the locations 
and spatial resolution of the HI spectra in Figure 4.9 are the same as those of the CO 1-0 
data. The center velocities of the HI and CO lines all agree within the errors, except that 
the velocities of the 2-1 and 1-0 transitions in the northwest position differ by 3.5 km s-1 . 
In short, at the limited sensitivity level of these data the atomic and molecular gas have 
the same kinematics. Furthermore, the HI clump at -222 km s-1 is coincident in size and 
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Figure 4.9: CO and HI spectra in NGC 185. The top panel shows the CO spectra from the 
IRAM 30m telescope, and the bottom panel compares those CO spectra to HI spectra at 
the same spatial resolution. 
Table 4.3: Fitted parameters of 30m CO detections in NGC 185 
a (J2000) 0 (J2000) line Tmb center FWHM fTmbdV 
K km s-1 km s-1 K km s-1 
ooh 33m 56.85 +48° 20' 21" 1-0 0.10 -198.9±1.0 18.1±2.2 2.07 
2-1 0.10 -202.5±0.9 17.5±2.1 2.08 
HI 3.9 -198.1±1.3 21.7±2.9 89 
ooh 33m 58.55 +48° 19' 56" 1-0 0.049 -220.3±1.7 21.6±4.3 1.12 
2-1 0.067 -219.8±0.7 6.4±1.4 0.63 
HI 8.4 -221.7±0.5 9.6±1.2 86 
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location with a dust cloud (Gallagher and Hunter 1981; Hodge 1963), and as mentioned 
above, the HI and CO velocities agree at this position. We suggest that the dust, the atomic 
clump and the molecular gas at the southeast CO position in NGC 185 are all associated. 
For the northwest CO position in NGC 185, the association with a specific HI clump is not 
clear; there are several HI clumps near this position and velocity. Unfortunately, the existing 
CO data on NGC 185 are still rather incomplete, and it is not known whether all of the HI 
clumps are associated with molecular gas or whether all of the molecular gas is associated 
with HI clumps. 
NGC 205 
In the case of the northern CO cloud in NGC 205, a comparison of high resolution HI and 
CO images provides even more compelling evidence for an association between molecular 
gas and the atomic clump at -244 km s-1 . High resolution HI and CO integrated intensity 
images were presented in YL96b. Position-velocity diagrams for the HI and CO in this 
cloud (Figure 4.10) clearly demonstrate that the atomic and molecular gas have the same 
velocity gradient, 0.2 km s-1 pc1 in an east-west direction. Thus the atomic and molecular 
gas are members of the same rotating structure. Interestingly, the velocity gradient of this 
cloud is comparable to the largest gradients known in Galactic GMCs (Blitz 1993) and the 
direction of the gradient is perpendicular to the overall north-south gradient observed in 
the HI of NGC 205. Blitz (1993) has been able to explain the angular momenta of three 
fast-rotating Galactic GMCs by momentum-conserving contraction out of a rotating medium 
(the Galactic disk). However, this mechanism cannot explain the angular momenta of either 
the Galactic cloud W3 or the northern CO cloud of NGC 205 because their velocity gradients 
are perpendicular to the angular momenta of the surrounding media. 
4.3. 7 Ha images 
Figure 4.11 shows a continuum-subtracted Ha image of NGC 185. Previous optical spec-
troscopy of NGC 185 (Gallagher et al. 1984; Ho, Filippenko & Sargent 1995) has shown that 
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Figure 4.10: Position-velocity diagrams of the HI and CO in the northern cloud of NGC 
205. The dashed contours show HI emission at 17" resolution, with contour levels -3, -2, 2, 
3, 4, 5, 6, 7, 8, and 9 times the rms noise (2.2 K). The solid contours show CO emission as 
imaged by the BIMA array at 10"x5" resolution, with contour levels at -3, -2, 2, 3, 4, 5, and 
6 times therms noise (0.15 K). The integrated intensity images of HI and CO are shown in 
YL96b. These position-velocity diagrams were made by integrating the data cubes over 27" 
of declination centered at 41° 411 52". 
78 
there is Ha emission in the central regions of that galaxy and that the emission is extended 
over about 20" east of the nucleus, but we know of no previously published Ha image of the 
galaxy. In agreement with the spectroscopic work, Figure 4.11 clearly shows the extended 
Ha emission, which is centered at ooh 33m 58.48 +48° 20' 11" and is about 17" = 50 pc in 
diameter. This extended Ha emission has a crescent-shaped morphology with a concave, 
edge-brightened side on the north. Its Ha flux is (3.0±0.3)x10-14 erg s-1 cm-2, which cor-
responds to a luminosity of 1.3x1036 erg s-1 at a distance of 600 kpc. These values are not 
corrected for the presence of [NII] emission in the filter. The average surface brightness of 
the Ha emission is about 9.0x 10-17 erg s-1 cm-2 arcsec-2 . This emission is approximately 
coincident with the peak HI column density in NGC 185, and comparison of the Ha im-
age with the locations of HI clumps in NGC 185 shows that the clumps surround the Ha 
emission. Furthermore, from the photometry and locations of blue stars given by Lee et al. 
(1993) we find 15-20 stars with B-V < 0.6 and absolute V magnitudes between -4.8 and -1.1 
projected on, mostly around the outer edge of, the extended Ha emission. No extended Ha 
emission was detected in NGC 205; therms noise level in that continuum-subtracted image 
is the same as for NGC 185, namely 2.5x10-17 erg s-1 cm-2 arcsec-2 . 
The Ha image in Figure 4.11 also shows four compact objects which Ford et al. (1973, 
1977) identified as planetary nebulae. Ford's nebula number 1 is visible at ooh 33m 56.48 , 
+48° 19' 21"; number 2 is at ooh 33m 53.l8, +48° 20' 08"; number 3 is at ooh 39m 00.38, 
+48° 19' 47", and number 5 is at ooh 33m 57.38, +48° 20' 10". Numbers 1, 2, and 3 are also 
visible in the Ha+continuum image shown in figure 4.3; we note that all three are roughly 
coincident with bright blue stars identified by Lee et al. (1993). 
4.4 Discussion 
4.4.1 Kinematic and morphological clues to the origin of the ISM 
Observations of HI in giant elliptical galaxies reveal a clear pattern in the morphology and 
kinematics of those galaxies' atomic gas. Examples include the works of Lees (1992), van 
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Figure 4.11: Continuum-subtracted Ha+[NII] emission in NGC 185 (greyscale) superposed 
on HI column density contours and the positions of CO detections (triangles) as in Figure 4.3. 
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Gorkom et al. (1990), Lake, Schommer & van Gorkom (1987), Schweizer, van Gorkom, 
& Seitzer (1989), Kim et al. (1988), Morganti et al. (1995), Schiminovich et al. (1995), 
Bregman & Roberts (1990), and others. The HI in giant elliptical galaxies is extended with 
respect to the stars; the atomic gas extends out to the Holmberg radius and beyond, and 
in some cases atomic gas extends to 10 times the effective radius of the galaxy. The HI is 
distributed in a flattened disk or ring, which may be warped or otherwise somewhat dis-
turbed. With the possible exception of NGC 4406 (Bregman & Roberts 1990), in which 
case the galaxy has not been completely mapped, the atomic disks or rings show clear signs 
of rotation. The disk or ring can be oriented at any angle with respect to the photometric 
and kinematic axes of the stellar component. Because the gas is so extended and is rotat-
ing, it usually has much higher specific angular momentum than the stars; thus, the usual 
interpretation of these features is that the gas was captured in some recent interaction or 
merger. 
The dwarf ellipticals NGC 185 and 205 have very different atomic gas morphology and 
kinematics than the giant ellipticals described above. For example, the gas in the dwarf 
ellipticals is less extended than the stars; the largest radial extent of gas is only 1/3 of the 
Holmberg radius or less than one effective radius (based on the photometry of Kent 1987). 
Furthermore, the HI in the dwarf ellipticals is not obviously distributed in a rotating disk or 
ring. In NGC 185 in particular there is no sign of rotation. These differences suggest that 
the HI in the dwarf ellipticals might have a different origin and history than that proposed 
for the giant ellipticals; alternatively, the HI in the dwarf ellipticals might be in a different 
evolutionary state than HI in the giant ellipticals. 
In the case of NGC 205, the clear discrepancy between the velocity fields of the neutral 
gas and the stars implies that the gas and the stars form two distinct dynamical systems with 
different specific angular momenta. This situation is common in giant ellipticals. However, 
because the gas distribution is more compact than the stars in NGC 205, it's not obvious that 
the magnitude of the specific angular momentum is higher in the gas than in the stars. In 
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this respect the HI in NGC 205 has very different kinematics from the HI in giant ellipticals. 
Nevertheless, the distribution and kinematics of the gas in NGC 205 do suggest that 
the gas is not in a long-lived configuration. The HI in NGC 205 is quite asymmetric, as 
the peak HI column densities and the centroid of the HI distribution are 1' = 250 pc from 
the optical center of the galaxy. JG have suggested that the total gas distribution might 
be symmetrized by large amounts of molecular gas beyond the northern end of the HI 
distribution. The BIMA image (YL96b) does not support this idea because no CO emission 
is detected beyond the known HI emission. We conclude that the neutral gas distribution 
in NGC 205 is asymmetric, but it is difficult to understand how this asymmetry could be 
maintained. If the HI velocity gradient is caused by rotation of the gas around the optical 
center of the galaxy, the rotation velocity is at least 30 km s-1 at a distance of 620 pc from 
the galactic center. The gas would then complete an orbit around the galactic center in 
1.3x108 years or less; after several rotations, perhaps less than 109 years, we might expect 
phase mixing to erase any asymmetry in the gas distribution. It may be that the HI in NGC 
205 has recently fallen in and has not yet smeared into a complete disk or ring (de Zeeuw 
1996; Tubbs 1980). 
In NGC 185, there is no known rotation in the stellar component. The velocity field of HI 
is consistent with this result, as the HI shows no discernable systematic velocity gradient and 
the velocities of individual clumps (Table 4.2) show no obvious trend with position. Thus 
the gas and stars of NGC 185 might be part of the same dynamical system. In contrast with 
the giant ellipticals, an external origin for the HI of NGC 185 is not obviously necessary. 
To test whether an internal origin (i.e. mass loss from evolved stars) is plausible for 
NGC 185, we consider the clump-clump velocity dispersion observed in HI. If this gas had 
its origin in mass loss from the evolved stars of the galaxy, it might be expected to inherit 
the velocity dispersion of the stars {22 km s-1; Bender et al. 1991). The gas clouds would 
then probably lose kinetic energy through inelastic collisions. From the observed numbers, 
sizes, and velocities of identifiable HI clumps in NGC 185, the collision timescale can be 
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esimated as a few x 108 yr; however, this value is really an upper limit to the real collision 
timescale in the HI medium because there are probably many small clumps in addition to 
the large, identifiable ones. 
On the other hand, star formation and supernovae would probably add significant kinetic 
energy to the ISM, and it is known that star formation has occurred a few Myr and also 
a few Gyr ago in NGC 185 (Lee et al. 1993). For example, one supernova of energy 1051 
erg would be expected to transfer rv5% of its kinetic energy, or 5x1049 erg, into motion 
of the neutral medium (Lozinskaya 1992). This amount of energy is rvl0% of the total 
kinetic energy contained in all the HI in NGC 185 moving at the clump-clump dispersion 
(14 km s-1). This current HI clump velocity dispersion, 14 km s-1, is somewhat less than the 
velocity dispersion of the stars. The above picture might therefore be plausible. Finally, G. 
Welch et al. (1996) have estimated that only about 109 years would be required to produce 
the observed gas mass of NGC 185 through stellar mass loss. In short, the distribution and 
kinematics of the HI in the dwarf ellipticals is different from the pattern established in giant 
ellipticals, and in contrast to the giant ellipticals, an internal origin for the gas in NGC 185 
should be considered. 
4.4.2 NGC 14 7 compared to NGC 185 and 205 
It is still not clear why NGC 185 and NGC 205 have neutral gas whereas NGC 147 does not. 
The current observations of NGC 147 have clearly shown that the column density of HI is 
at least a factor of 10 lower than in NGC 185 and 205. NGC 147 also appears to lack the 
dust clouds which are prominent in the other two galaxies (e.g. Kent 1987). Nevertheless, 
NGC 147 is quite similar to NGC 185 and NGC 205 in terms of its optical properties. For 
example, NGC 185 has only rv40% larger B luminosity than NGC 147; the two galaxies have 
almost identical Holmberg diameters, B-V colors, and average surface brightnesses (Peterson 
& Caldwell 1993; de Vaucouleurs et al. 1991). NGC 205 has a diameter about twice that of 
the other two and a B luminosity almost 5 times that of NGC 147. Moreover, measurements 
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of the stellar velocity dispersions (which trace the mass of the galaxies) by Bender et al. 
(1991) indicate that NGC 147 and NGC 185 have nearly identical mean dispersions of 26±2 
and 24±2 km s-1 , respectively. The velocity dispersion of NGC 205 is known to increase 
outward from the center but central values of 30±5 km s-1 and 14±1 km s-1 have been 
measured (Bender et al. 1991; Peterson & Caldwell 1993). 
There are few structural differences between the three dwarf ellipticals. NGC 185 and 
NGC 147 have very similar light profile shapes, but they are both different from NGC 205 
which has a bright nucleated core (Kent 1987). NGC 205 is also the only one of the three 
which shows signs of interaction with M31 (Hodge 1973; Bender et al. 1991). The stars of 
NGC 147 are observed to rotate with an average velocity of 6.5±1.1 km s-1 between 20" 
and 100", whereas the other two do not rotate (Bender et al. 1991). The lack of rotation 
in the other two galaxies could, of course, simply be an inclination effect. In short, there is 
no obvious difference in the optical properties, especially between NGC 185 and NGC 147, 
that might explain the difference in their HI contents. 
Perhaps the most telling similarity between the three dwarf ellipticals is that color-
magnitude diagrams for all of them show evidence of an intermediate-age stellar component 
(Davidge 1994; Bica et al. 1990; Lee 1993; Davidge 1992; Han et al. 1996). The AGB stars 
which trace this intermediate-age component are thought to have ages between 1 and a few 
Gyr. This evidence implies that all three dwarf ellipticals have had some star formation 
throughout their lifetimes. In other words, all three dwarf ellipticals probably had a signif-
icant amount of neutral gas several Gyr ago. It may be that NGC 185 and NGC 147 have 
been very similar in terms of their stellar content, structure, and neutral gas content until 
relatively recently (the last few Gyr or so). 
4.4.3 Origin of the extended Ha emission in NGC 185 
The presence of young blue stars projected on the extended Ha emission in NGC 185 (Sec-
tion 4.3.7) is suggestive that the emission arises in an HII region. However, the most likely 
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explanation for the extended Ha emission in NGC 185 is probably a supernova remnant, 
based on optical emission line ratios. Gallagher et al. (1984) measure a [SII]/Ha ratio of 1.2 
with an error of perhaps 0.2-0.3, averaged over a 17" x 2.5" aperture. Ho, Filippenko & Sar-
gent (1996) measure a [SII]/Ha ratio of 1.5, averaged over a much smaller 2" x4" aperture. 
While Ho et al. (1993) classify the optical spectrum of NGC 185 as a Seyfert 2, they concede 
that shock ionization could also reproduce the observed line ratios. The diameter, surface 
brightness, luminosity, and morphology of the Ha emission are within the ranges of values 
for known supernova remnants (e.g. Long et al. 1990). Dickel, D'Odorico & Silverman 
(1985) searched for 20cm emission from the proposed supernova remnant, but did not detect 
any down to a la noise limit of 30µJy. 
4.4.4 Phase structure of the ISM 
It has long been known that Galactic HI is a valuable tool for revealing the phase structure 
of the neutral ISM and its separation into cold cloud gas and warm intercloud gas (e.g. 
Radhakrishnan et al. 1972, Heiles 1989). More recently, the identification of cold and 
warm phases of HI in external galaxies such as the LMC and SMC (Dickey et al. 1994) has 
broadened our understanding of the ISM. Because star formation seems to be associated with 
cold cloud phase of the ISM, it has even been postulated that the presence or absence of a 
two phase neutral medium controls the rate of star formation in a dwarf galaxy (Elmegreen & 
Parravano 1994; Hunter & Plummer 1996). For these reasons, it is worthwhile to investigate 
the HI medium of Local Group dwarf galaxies in some detail and to search for evidence of 
phase structure in their interstellar gas. 
In a previous paper (Young & Lo 1996a), we presented evidence for compact regions of 
low dispersion HI and extended regions of higher dispersion HI in the dwarf irregular galaxy 
Leo A. The low and high dispersion HI components were identified with cold and warm 
phases of HI, respectively. In the dwarf ellipticals NGC 185 and 205 there is also convincing 
evidence of the cold cloud phase of the neutral gas. Most compelling, of course, is the 
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presence of CO. In the northern position in NGC 205 we find optically thick, thermalized 
CO emission with an extent similar to Galactic giant molecular clouds. Furthermore, at 
least part of the atomic gas in the two dwarf ellipticals is in clumps associated with this 
molecular gas (Section 4.3.6). The temperature of the atomic gas is not known, but because 
of its clumpy structure and its association with molecular gas we interpret this HI to be in 
the cold cloud phase rather than the warm intercloud phase. Some of the HI clumps are also 
known to have quite low dispersion, 3-4 km s-1 , which is similar to the dispersion of cold 
Galactic HI and much lower than the 8-10 km s-1 typical of warm intercloud Galactic HI 
(e.g. Heiles 1989). 
We have shown that there are molecular clouds in NGC 185 and 205 and that they 
are probably associated with atomic gas clumps or clouds. This result is not particularly 
surprising since many Galactic GMCs are also known to have an associated atomic envelope 
(e.g. Chromey, Elmegreen & Elmegreen 1989 and references therein). What is surprising is 
the very low HI column densities that are seen in the dwarf ellipticals. In the Galaxy, Savage 
(1977) found an abrupt increase in the H2 column density when the HI column density along 
the same line of sight increased to about 5x1020 cm-2 , i.e. when E(B-V) increased to "'0.1 or 
Av "'0.3. This result has been widely interpreted to mean that molecular gas does not form 
without a shielding column of at least 5x1020 cm-2 of HI. Maps of Galactic molecular clouds 
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confirm this interpretation because molecular emission always seems to have associated HI 
of at least 1021 cm-2 (Blitz 1993). Furthermore, Lada et al. (1988) have made matched-
resolution HI and CO observations of part of M31, and they conclude that a threshold value 
of 1021 cm-2 of HI is necessary for the formation of H2 in that galaxy. 
In contrast with these expectations, we have clearly detected molecular gas in NGC 
185 and NGC 205, yet the HI column densities are only l.5-2.3xl020 cm-2 . Therefore the 
molecular clouds in NGC 185 and 205 do not seem to require HI column densities of 1021 cm-2 
as the well-studied GMCs in the Galaxy and M31 do. To be sure, the HI column densities 
in NGC 185 and 205 are averaged over 60 pc and 95 pc, and the peak HI column densities 
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would probably be somewhat higher in a smaller beam. Nevertheless, the difference between 
HI column densities in the dwarf ellipticals and in Galactic or M31 GMCs is probably not a 
resolution effect. Lada's et al. (1988) observations of M31 were also made at 50 pc resolution, 
and thus the HI column densities of 1021 cm-2 and higher in M31 are directly comparable 
to values of only 1-2xl020 cm-2 in NGC 185 and 205. The very low HI column densities 
associated with molecular gas in the dwarf ellipticals may be the result of a lower interstellar 
UV field than the standard solar neighborhood value, especially in NGC 185 (G. Welch et 
al. 1996). 
If the HI clumps in NGC 205 and 185 are really associated with the molecular gas, as 
implied by the kinematics of those phases, it is of interest to note whether the atomic and 
molecular gas are gravitationally bound. From the HI data in Tables 4.1 and 4.2 we calculate 
the virial masses of the clumps. Those virial masses range between 6xl05 and 9xl06 M0 ; 
thus, the virial mass of a clump is typically a factor of 100 higher than the observed HI mass 
of the clump. The atomic clumps are obviously not self-gravitating, bound entities when 
the HI data are considered by themselves. Unfortunately, the associated molecular masses 
are not known for most clumps; a molecular mass can only be estimated for the northern 
molecular cloud of NGC 205 (YL96b). That cloud is associated with the HI clump at -244 
km s-1 in Table 4.1. The observed CO radius (10") and line width (7 km s-1 ) give a virial 
mass of only 2.3xl05 M0 , which is just a factor of two higher than the combined HI, H2 , 
and He masses (1.lxl05 M0 ). This cloud might be a gravitationally bound entity, given 
the large uncertainties in the CO-to-H2 conversion. More complete understanding of the 
boundedness of the HI clumps in NGC 185 and 205 will require more complete knowledge 
of the molecular gas distribution. 
4.4.5 NGC 205 as an E+A or poststarburst galaxy 
Dressler & Gunn (1983) first identified a class of galaxies, now called "E+A" or "poststar-
burst" galaxies, whose optical spectra are characterized by strong Balmer absorption lines 
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and a lack of emission lines. The spectra and broadband colors of these galaxies can best be 
explained by the presence of an old stellar population and a recent burst of star formation 
which has now ceased. These galaxies are found both in distant clusters and in field merger 
systems (Liu & Green 1996; Zabludoff et al. 1996). Spectra from the central regions of NGC 
205 show that it too has strong Balmer absorption lines and no emission lines (Rose 1985; 
Bica et al. 1990; Ho et al. 1995), and the equivalent widths of the Balmer absorptions sat-
isfy the classification criteria of Zabludoff et al. (1996). More importantly, color-magnitude 
diagrams for NGC 205 (e.g. Davidge 1992) verify that NGC 205 is a largely old galaxy with 
a small amount of recent star formation. Thus, NGC 205 might be the nearest and least 
massive example of this class of poststarburst galaxies. 
4.5 Summary 
We present new, high resolution (60-80 pc) images of HI emission in the dwarf elliptical 
galaxies NGC 185 and NGC 205. As very few dwarf elliptical galaxies have had HI emission 
imaged, giant ellipticals provide a model for understanding the HI distributions of the dwarf 
ellipticals. The large-scale morphology and kinematics of the HI in these two dwarf ellipticals 
are unlike that observed in giant elliptical galaxies; HI in the dwarf ellipticals is more compact 
than the stars, and it does not appear to be distributed in stable rotating disk or ring 
structures. There is a clear inconsistency between the kinematics of gas and stars in NGC 
205, which (along with the asymmetry in the HI distribution) implies that the gas in NGC 
205 has been recently captured. In NGC 185 the clumps of HI and the stars may be part of 
the same kinematic system, and it is suggested that the HI might have its origin in mass loss 
from evolved stars. It is not yet clear whether the HI in the dwarf ellipticals is undergoing a 
different evolutionary process than HI in the giant ellipticals or is simply in a different stage 
of the same process. We also present an improved upper limit on the HI content of NGC 
147. The column density limit is l.lx1018 (f:j.v/1 kms-1) cm-2 , and the mass limit is 3xl03 
M0 for an unresolved source with a line width of 8 km s-1. The HI column density in NGC 
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147 is at least a factor of 10 lower than in NGC 185, despite the fact that NGC 147 is very 
similar to NGC 185 in many other respects. 
These observations also provide information on the small scale properties of the ISM, 
an issue which is not usually studied in giant ellipticals because of their great distances. 
Here we make comparisons with observations of the Galaxy and the nearby spiral M31. 
The small-scale properties of the HI distribution in NGC 185 and 205 can be characterized 
by dumpiness on scales of 200 pc and less, and the clump masses are rvl04 M0 . Velocity 
dispersions of the HI clumps range from 3 to 15 km s-1 . We also present observations of the 
molecular gas in NGC 185 and 205. At least some of the HI in the two galaxies is probably 
the cold cloud phase of atomic gas and is associated with molecular clouds. We find that the 
HI column densities associated with these molecular clouds in the dwarf elliptical galaxies 
are about a factor- of 10 lower than the typical HI column densities associated with Galactic 
GMCs, which may be the result of a lower interstellar photodissociating UV field. 
Ha images of NGC 185 reveal extended emission from a source about 50 pc in diameter 
and located about 20" east of the center of the galaxy. The Ha+[NII] flux of this extended 
emission is about 3.0x 10-14 erg s-1 cm-2 . 
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Chapter 5 
The HI Medium of the Nearby Dwarf 
Galaxies Sag DIG, LGS 3, and 
Phoenix 
5 .1 Introduction 
The wide variety of nearby dwarf galaxy types offers abundant opportunities for investigating 
some of the most interesting questions in astronomy today. For example, one major issue is 
the question of galaxy mass and how that mass is supported. In contrast to spirals, the low 
mass dwarf galaxies are on the borderline where rotation velocities become comparable to 
disordered motions such as the intrinsic gas dispersions and even bulk motions induced by 
supernovae and stellar winds. A 107 - 108 M8 galaxy with a radius of about 2 kpc has an 
expected circular rotation speed of only 5-15 km s-1 ; in contrast, warm, diffuse HI gas with 
a temperature of 6000 K has a velocity dispersion of 7 km s-1 (FWHM 17 km s-1 ). For very 
low mass galaxies, then, the primary source of support against gravity is not obvious, nor 
do we know what to expect for the three-dimensional shape of the galaxy and its dynamical 
evolution. In this context the low mass dwarf galaxies can be considered as transition objects 
between dynamically cold systems like spirals and dynamically hot systems like ellipticals and 
globular clusters. Furthermore, the presence or absence of dark matter in low mass galaxies 
(which is most easily tested with HI kinematics) places useful constraints on cosmological 
models, as in Dekel & Silk (1986). 
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A second issue for which dwarf galaxies may provide useful insights is the question of 
how star formation is controlled. Nearby dwarf galaxies are known to have star formation 
rates which have fluctuated by orders of magnitude over their lifetimes; the Carina dwarf 
(e.g. Smecker-Hane et al. 1994) is only one of many examples. Are bursts of star formation 
activity triggered by external or internal factors, or both? We simply don't know what 
determines the star formation rate of a galaxy, especially in relatively isolated cases, though 
several different proposals have been made (e.g. Kennicutt 1989; Skillman 1987; Elmegreen 
& Parravano 1994). We cannot hope to watch an individual galaxy pass through a burst 
of star formation activity, but by observing a variety of dwarf galaxies with different star 
formation rates we may hope to gain some clues about what determines those rates. 
Dwarf galaxies also hold important clues to the process of galaxy evolution. The Local 
Group is populated with a large number of dwarf spheroidal galaxies which are thought to 
be quiescent and devoid of gas. It is conjectured that a burst of star formation has blown all 
the interstellar matter out of these galaxies (e.g. Dekel & Silk 1986), preventing further star 
formation. On the other hand, two local galaxies LGS 3 and Phoenix are usually spoken of 
as transition or intermediate irregular/spheroidal types because they are optically similar to 
the dwarf spheroidals, yet they seem to have retained a substantial amount of interstellar 
gas. (As we show later in the paper, it is not clear that Phoenix has actually retained any 
HI.) The HI properties of those systems may give clues about what has happened to the 
interstellar medium in the dwarf spheroidals. 
Finally, it has long been known (e.g. Radhakrishnan et al. 1972; Mebold 1972; Kalberla 
et al. 1985; Heiles 1989) that the atomic gas in the Galaxy is separated into two phases, a 
cold dense phase and a warm diffuse phase. The same is also true of the LMC (Dickey et 
al. 1994). Theoretical models of the ISM successfully explain the presence of two HI phases 
based on thermal, pressure, and ionization balance for conditions appropriate to the disk 
of our Galaxy (e.g. Field, Goldsmith, & Habing 1969; McKee & Ostriker 1977; Wolfire et 
al. 1995, and many others). However, the phase structure of the atomic medium in other 
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galaxies besides spirals and the LMC is unknown. In this context, the Local Group dwarf 
galaxies provide an interesting test of our understanding of the ISM because the conditions 
(pressure, metallicity, UV field, and so on) in those dwarfs are different from the Galaxy. 
For all of the reasons discussed above, we set out to explore the ISM in a variety of Local 
Group dwarf galaxies; the current paper is the third in a series of papers describing the ISM 
in a small sample of five nearby dwarfs. We have selected two dwarf elliptical galaxies, two 
dwarf irregular galaxies, and one intermediate irregular/spheroidal type for high resolution, 
high sensitivity HI observations and CO observations where possible. Paper I (Young & 
Lo 1996a) presents the HI properties of the dwarf irregular galaxy Leo A. Leo A shows 
little sign of a substantial dark matter component. In Leo A it is possible to decompose 
HI emission profiles into a superposition of a broad (a = 8 km s-1) and narrow (a = 3.5 
km s-1) component which are identified as the warm neutral and cold neutral phases. The 
cold phase is concentrated near regions of current star formation. 
Paper II (Young & Lo 1997; see also Young & Lo 1996b) present both HI and CO 
observations of the two dwarf elliptical galaxies NGC 185 and NGC 205. Though these 
galaxies have much lower gas masses than Leo A, they also show clear evidence for the cold 
phase of the neutral ISM in the form of molecular clouds and HI clumps associated with 
those molecular clouds. The molecular clouds are similar to Galactic molecular clouds in 
many ways (e.g. size, linewidth, and 12 CO 2-1/1-0 line ratio) but have surprisingly low HI 
column densities of only 2x1020 cm-2 . We suggest that, in contrast with giant ellipticals, 
an internal origin (stellar mass loss) may be plausible for the ISM of NGC 185 and 205. 
The present paper completes the sample of five dwarf galaxies with the dwarf irregular 
Sag DIG and the difficult-to-classify LGS 3 and Phoenix dwarfs. Sag DIG is a gas-rich 
dwarf irregular similar to Leo A in terms of its relatively blue color and evidence for current 
star formation. LGS 3 and Phoenix, on the other hand, are usually classified as something 
intermediate between dwarf spheroidals and dwarf irregulars. Their optical properties place 
them close to the other Local Group dwarf spheroidals, yet their modest HI contents (LSY; 
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Carignan, Demers, & Cote 1991) lead some to classify them as dwarf irregulars. We present 
high resolution, high sensitivity VLA observations of the HI contents of Sag DIG, LGS 3, and 
Phoenix and discuss what these observations show about the kinematics and phase structure 
of their interstellar media. 
5.2 Sag DIG 
Sag DIG is an irregular galaxy with approximate magnitude Mi = -10. 7 and an estimated 
distance of 1.2±0.1 Mpc (Longmore et al. 1978; Cook 1988). Its HII region (Strobel, Hodge 
& Kennicutt 1991) provides the clearest evidence of current star formation, and it does have 
a relatively high HI content of rvl07 M0 (Longmore et al. 1978; LSY). The metallicity 
of Sag DIG is 3% of solar (Skillman, Terlevich, & Melnick 1989). The previous HI map 
of Sag DIG (LSY) shows a crescent-shaped distribution, suggesting perhaps some unusual 
recent evolution; the present data consist of deeper integrations giving better sensitivity and 
higher spectral resolution, allowing us to detect more HI with a larger extent and to clarify 
the kinematics of that gas. 
5.2.1 Observations 
The HI content of Sag DIG was imaged with the Very Large Array (VLA) of NRA01 . 
Sag DIG was observed for a total of 3.0 hours in the VLA's D configuration (maximum 
baseline 1 km = 4.5 k..\) on July 16, 1992. Sag DIG was also observed for 7.2 hours in 
the C configuration on April 20-21, 1992. The point source B1908-201 was observed every 
40 minutes for use as a complex gain calibrator, and the strong source B1328+307 (3C 
286) was observed once each day for use as a bandpass and flux density calibrator. The 
total bandwidth is 0. 78 MHz and the spectral resolution of the data (after offiine Hanning 
smoothing) is 1.28 km s-1 . Data from the two configurations were combined with equal 
weight. Continuum emission was subtracted directly from the combined dataset using the 
1The National Radio Astronomy Observatory is a facility of the National Science Foundation operated 
under cooperative agreement by Associated Universities, Inc. 
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task UVLIN in the AIPS package. This combined dataset was used to make four images 
of the HI at various spatial resolutions. The lowest resolution is 71"x58" (410x340 pc), 
with rms noise 1.8 mJy/beam = 0.27 K; two intermediate resolutions are 55"x43" (320x250 
pc), with rms noise 1.6 mJy/beam = 0.41 K, and 37"x25" (220x140 pc), with rms noise 
1.8 mJy /beam = 1.2 K; the highest resolution is 22" x 15" (130 x 90 pc), with rms noise 2.2 
mJy /beam = 4.2 K. 
The total HI content of Sag DIG was also measured with the 43m telescope operated by 
NRAO at Green Bank, WV, on April 4, 1993. 47 minutes of on-source integration time were 
obtained at a position of l9h 29m 57.68 , -17° 40' 42" (epoch J2000.0 is used throughout 
this paper). Observations were made in frequency switching mode with a bandwidth of 1.25 
MHz, a throw of 1.25 MHz, and a spectral resolution of 0.51 km s-1 . Flux density calibration 
was estimated using observations of the continuum sources 3C123, 3C274, 3C231, 3C286, 
and DA251 and has an accuracy of about 4%. The beam size of the 43m telescope is 21' 
FWHM. A baseline of order 2 was subtracted from the combined Sag DIG spectrum. 
5.2.2 Global HI properties 
Figure 5.1 presents the global HI spectrum of Sag DIG and the excellent agreement between 
the VLA and single-dish spectra. The VLA spectrum was constructed by summing the 
intensities in each channel of the low-resolution HI cube. The integrated HI flux of Sag DIG in 
the VLA data is 30.3 Jy km s-1 , with an estimated uncertainty of 5%. In comparison, the 43m 
telescope single-dish HI spectrum of Sag DIG has an integrated HI flux of 32.6±1.2 Jy km s-1; 
the VLA flux is marginally consistent with this single-dish flux. We therefore conclude that 
the VLA has detected virtually all of the HI in Sag DIG and that interpretations based on 
the VLA images will not be biased by missing structures. At a distance of 1.2±0.1 Mpc 
(Cook 1988; Longmore et al. 1978), the single-dish HI flux of 32.6 Jy km s-1 corresponds to 
a total HI mass of 9.3xl06 M0 , or l.3x107 M0 including He. 
The HI spectra in Figure 5.1 are not well described by a single Gaussian component, 
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Figure 5.1: A comparison of global HI profiles of Sag DIG measured at the NRAO 140' 
telescope and at the VLA. The single-dish profile shows Galactic HI in velocities -40 km s-1 
and higher. 
but are adequately described by two Gaussians. In the VLA spectrum, the broader of the 
two contains 20.5±2 Jy km s-1 (68% of the total), centered at -79.1±0.2 km s-1, with a 
dispersion of 11.0±0.4 km s-1; the narrower contains 9.6±1.8 Jy km s-1, centered at -79.9 
±0.2 km s-1 , with a dispersion 5.6±0.3 km s-1 . The single-dish spectrum gives similar 
results, with 79% of the flux in a broad component of dispersion 10.1 km s-1 and the 
remaining 21 % in a narrower component of dispersion 5.5 km s-1 . 
5.2.3 HI structure 
Figure 5.2 shows that the basic HI distribution in Sag DIG is a complete asymmetric ring 
with a central depression. The diameter of the ring is approximately 4' = 1.3 kpc, and the 
highest Hl column densities are found in the northeast quadrant of the galaxy. In the lowest 
. . ( h . 7l"x58" = 380 x310 pc), low column density HI emission 
resolution images not s own, . 
. . F" 5 2 The largest extent of HI at a column density 
extends farther than is shown m igme . . . o This extent 
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3 0 kpc with a major axis at ,..._,45 . 
1s -2 is 10 3'x9.3' = 3.3 pc x · ' 
of 5xl0 cm · 
gg 
is a factor of two larger than was previously known (LSY). Since the Holmberg diameter 
of Sag DIG has been estimated as 180" (Longmore et al. 1978), the HI extent of Sag DIG 
is a factor of three larger than the optical extent. We caution, however, that deep surface 
photometry of Sag DIG has not been done. 
Figure 5.3 compares the HI distribution of Sag DIG to the stellar distribution. The stars 
are located in the relatively high column density northeast quadrant of the ring, and there do 
not seem to be any stars associated with the western and southern parts of the HI ring. The 
highest HI column density found in the galaxy is l.2x1021 cm-2 at 22"x15" (130x90 pc) 
resolution. The HI emission shows several distinct column density peaks or clumps. In fact 
the stars in Sag DIG are surrounded on three sides by HI column density peaks of 9x1020 
to 1.2x1021 cm-2 , and on the fourth side is the HI hole. Thus, on scales of 150 pc the stars 
are near to but not coincident with HI column density peaks. 
A higher resolution HI image of Sag DIG shows the structure of the HI clumps more 
clearly; Figure 5.4 compares the high resolution HI image to Ha emission in the galaxy. One 
prominent clump of peak column density 1.1x1021 cm-2 at 19h 30m 038, -17° 41' 30" is 
nearly coincident with Sag DIG's HII region. This HII region has a diameter of about 20" 
= 100 pc, and its flux (Strobel, Hodge, & Kennicutt 1991) of 2.8x 10-14 erg s-1 cm-2 is 
representative of one BO V star (Vacca, Garmany, & Shull 1996). The HII region is located 
on the western edge of that HI clump, displaced about 20" from the center of the clump. It 
is possible, then, that this HI clump is associated with star formation. 
Figure 5.5 presents individual channel images of Sag DIG. Comparison of these channel 
images and the integrated intensity in Figures 5.4 and 5.3 allows us to identify six major HI 
clumps. The four easternmost, brightest HI clumps are clustered together in one larger HI 
structure, a 4'x2.5' region of the highest column densities in the northeast quadrant of the 
galaxy. The remaining two large HI clumps are condensations in the western, lower column 
density half of the ring. The integrated spectrum of each clump was fit with a Gaussian to 
measure velocity and line width. Table 5.1 gives locations, radii, masses, and average HI 
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Figure 5.2: HI column density in Sag DIG at 37" x 25" resolution. The highest column 
density in this image is 1.1x1021 cm-2 and the lowest column densities visible are about 
2xl019 cm-2 . 
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Figure 5.3: An optical image of Sag DIG from the digitized POSS is superposed on HI 
column density contours at 37"x25" resolution. The contour levels are (-2, 2, 5, 10, 20, 40, 
60, 80, 100) x 1019 cm-2 . The optical and radio images were aligned to within 1" using the 
coordinates of 15 stars from the HST Guide Star Catalog. 
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Figure 5.4: HI column density contours at 22" x 15" = 120 x 80 pc resolution are superposed 
on an image of Ha emission in Sag DIG. HI contour levels are (-1, 1, 3, 5, 7, 9, 11) x 
tenup20 cm-2 • The Ha image was obtained by D. Hunter at Lowell Observatory's Perkins 
l.8m telescope. Continuum emission was subtracted using a scaled R-band image. The 
optical and radio images were aligned to an accuracy of 1"-2" using the coordinates of 6 
stars from the HST Guide Star Catalog. 
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Table 5.1: Properties of HI clumps in Sag DIG 
No. a (J2000) 0 (J2000) Radius Mm am Mvir < nH > 
pc 106 M0 km s-1 106 M0 cm-3 
1 19h 30m 03.28 -17° 41' 24" 133 0.90 4.67 2.0 2.6 
2 19h 30m 02.98 -17° 40' 06" 208 1.3 4.97 3.6 1.0 
3 19h 29m 59.28 -17° 40' 15" 133 0.53 5.06 2.4 1.5 
4 19h 29m 58.28 -17° 39' 56" 155 0.56 4.27 2.0 1.0 
5 19h 29m 52.38 -1 7° 40' 35" 208 0.92 5.44 4.3 0.7 
6 19h 29m 47.l8 -17° 41' 37" 123 0.27 7.18 4.4 1.0 
volume densities of these structures; typical masses are 8x105 M0 of atomic gas, and typical 
radii are 15-20" = 150 pc (resolved by the current data). 
5.2.4 HI velocity field 
The channel images in Figure 5.5 show very little systematic rotation in the galaxy, which 
implies that any rotation velocity is on the order of or smaller than the intrinsic velocity 
dispersion. Figure 5.6 shows the low-resolution velocity field of Sag DIG, determined from 
the intensity-weighted mean velocity at each position. Because the HI profiles in Sag DIG are 
simple, single-peaked, symmetrical profiles (Section 5.2.5), the same velocity field is derived 
from either the intensity-weighted mean velocity or from fitting Gaussian components. The 
maximum velocity differences from one part of the galaxy to another are about 12 km s-1 . 
The velocity field at low resolution shows mirror symmetry about a line at position angle 
45°, i.e. in the same direction as the slight northeast-southwest elongation at low column 
densities. This symmetry suggests that there is some large-scale organized motion in the 
HI of Sag DIG. However, it is very difficult to interpret this large-scale organized motion 
as rotation because the velocity gradient is not monotonic along the symmetry axis. In 
other words, the HI is not receding on one side and approaching on the other; it seems to 
be receding on both ends and approaching in the middle. It may be that the signature 
of rotation is masked by non-circular gas motions of a typical magnitude of 10 km s-1 , or 
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Figure 5.5: A series of channel images illustrating the distribution of HI in Sag DIG at 
37" x 25" resolution. The heliocentric velocity (km s-1) of each channel is indicated in the 
upper right corner. Very little rotation is evident. 
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Figure 5.6: Greyscale and contours both show the HI velocity field in Sag DIG at the lowest 
spatial resolution (71"x58"). Contours range from -84 to -74 km s-1 in intervals of 2 
km s-1 , as illustrated in the color wedge on the right. 
that the HI in Sag DIG is not supported by circular rotation at all. It may also be that 
Sag DIG's HI is made up of multiple (interacting?) pieces individually rotating at about 10 
km s-1 . Section 5.2. 7 discusses at greater length whether Sag DIG should be rotating and 
what supports the HI. 
5.2.5 HI velocity dispersions 
HI profiles in the low resolution and the two intermediate resolution cubes of Sag DIG were 
fit with a single Gaussian component in order to measure the velocity dispersions. All profiles 
that have a peak intensity greater than the 3CT level and that are in the vicinity of the galaxy's 
known emission were fit using the PROFIT routine in GIPSY. Fitted gaussians with ratios 
of the amplitude to the uncertainty in amplitude being less than 3.0 were rejected as bad fits. 
The resulting velocity dispersions vary from 6 to 11 km s-1 , with smaller values generally 
being found in regions of higher column density. 
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Figure 5.7: Two HI profiles in Sag DIG. These profiles are drawn from the indicated positions 
in the low resolution (71" x 58") data cube. An intensity of 0.1 Jy /beam equals a brightness 
temperature of 15 K. The heavy solid line is the data; a thin solid line shows the best-fit 
single Gaussian component, and the dotted line is the residuals of that fit. Of these two 
profiles with similar signal-to-noise ratios, one is well described by a single Gaussian but the 
other is not. 
Inspection of the residuals of these Gaussian fits shows that many of the profiles are 
not well described by a single Gaussian component. Figure 5. 7 presents an example; the 
observed spectrum on the left has broader wings and a narrower peak than a Gaussian. 
Attempts to fit the profiles with Voigt models also proved unsuccessful. In this respect the 
HI profiles of Sag DIG are very similar to those in Leo A (Paper I), in which case many of 
the HI profiles were best described by a superposition of two Gaussian components at nearly 
the same velocity, but with different dispersions. This superposition is not necessary for all 
profiles, however. The spectrum on the right side of Figure 5. 7 shows an example of a high 
column density profile which is adequately described by just one component. 
The HI cube with resolution 55" x 43" was selected for decomposition into two Gaussian 
components because of its high signal-to-noise ratio and moderately good resolution. Every 
profile with detected HI was fit with the sum of two Gaussian components using the routine 
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GAUFIT in the GIPSY package. Profiles with the fitted amplitude of either component 
less than about 3.10" or with dispersions less than 1.6 km s-1 were rejected as bad fits and 
noise spikes. Of the fitted profiles, some clearly require two components and some do not 
(Figure 5.7). The two types are distinguished by means of the f-test on the residuals of the 
fits (Press et al. 1989). The null hypothesis of this test is that one component provides an 
equally good description of the profile as two components. This null hypothesis is rejected 
in a one-tailed test at the 95% confidence level when the ratio of the rms's of the residuals 
is greater than 1.2, for the case of 81 degrees of freedom (88 independent channels). 
Error estimates for the two-component decompositions were determined by Monte Carlo 
simulation. A model profile was constructed from noise plus two Gaussian components of 
the same velocity and amplitude but with dispersions of 3 and 8 km s-1 . The signal-to-
noise ratio of this model profile was fixed at 30. The model was then fit with a sum of two 
Gaussian components. The resultant fitted amplitudes have an rms of about 10%, and the 
fitted dispersions have an rms of less than 1 km s-1 . In the Sag DIG data cubes, most of 
the profiles that require two Gaussian components have peak signal-to-noise ratios greater 
than 30. (For example, the two profiles in Figure 5.7 have signal-to-noise ratios rv50.) We 
conclude that the uncertainties in the fitted amplitudes and dispersions in Sag DIG are 
comparable to or less than 10% and 1 km s-1 , respectively. 
Figures 5.8 and 5.9 show the results of the two-component decomposition in Sag DIG. 
For the profiles that require two components, the narrower of the two has an average velocity 
dispersion of about 5 km s-1 and the broader has a dispersion of about 10 km s-1 (Figure 5.8). 
Furthermore, the profiles which only require one component have a typical velocity dispersion 
of about 10 km s-1 , similar to the broader component in the profiles which require two. We 
interpret this result the same way the corresponding result for Leo A was interpreted: namely, 
there is a component of HI with velocity dispersion of 9-10 km s-1 everywhere in Sag DIG, 
and in certain locations we have also detected a component of HI with a dispersion of 4-6 
km s-1 . By summing the column densities in the various components, we find a total of 26.4 
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Figure 5.8: A histogram showing the fitted velocity dispersions of HI profiles at 55" x 43" res-
olution in Sag DIG. For profiles which require two components under the criteria described 
in the text, the dotted line corresponds to the narrower component and the solid line corre-
sponds to the broader component. The dashed line shows to profiles which only require one 
component, and the vertical scale is reduced by a factor of 3.5 for those profiles. 
Jy km s-1 of fitted HI flux, of which 17% is in the low-dispersion phase and 83% is in the 
high-dispersion phase. These proportions are similar to the results found directly from the 
global HI profile (Section 5.2.2). 
Figure 5.9 presents the column densities of the broad and narrow components in Sag DIG. 
We note that the presence of two HI components is most obvious in the region of high total 
column density in the eastern half of the galaxy, but there is not a one-to-one correspon-
dence between high column density and the presence of two components. Profiles at 19h 
29m 505, -17° 42' have total column densities of only 2.3x1020 cm-2 , and they require two 
components at greater than the 95% confidence level; but most of the profiles which require 
two components are at column densities of at least 3.7x1020 cm-2 . The two profiles in Fig-
ure 5. 7 have very similar column densities, 3.6 and 3.3x1020 cm-2 at resolutions of 340 x 410 
pc, yet their shapes are very different. The lack of a strict correspondence between column 
density and the presence of multiple components is evidence that we have been studying real 
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Figure 5.9: HI column densities of the broad and narrow components in Sag DIG. In re-
gions where two components could be fit, the greyscale shows the column density of the 
broader component (4.7x1019 to 7.0x1020 cm-2 ) and the white contours show the column 
density of the narrower component (l.9x1020 to 4.7x1020 cm-2 in steps of 9x1019 cm-2). 
In the northeast quadrant of the galaxy, the two components are distributed differently. 
The broader component is centrally peaked in a relative minimum between three narrow-
component peaks. As discussed in the text, the profiles which only require one component 
are probably the same phase as the high-dispersion HI component and thus the profiles which 
only require one component are also indicated with the same greyscale. Discontinuities in the 
greyscale from one pixel to the next probably indicate that there is some small component 
of low-dispersion HI in the profiles just outside the regions where two components could be 
fit. 
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variations in profile shapes within the galaxy and not simply an instrumental effect. 
Figure 5.9 also shows that in the eastern, highest column density half of the galaxy the 
distributions of the broad and narrow components are different. The broad component has 
just one column density peak, more or less centered on the stellar component of the galaxy; 
the narrow component has three column density peaks which are coincident with three of 
the major HI clumps visible in Figure 5.4. We interpret this coincidence to mean that the 
HI clumps are in fact clumps of the low-dispersion gas. 
5.2.6 Physical properties of HI in Sag DIG 
The peak brightness temperature of HI in Sag DIG is 55 K, measured at 22" x 15" resolution. 
However, the preceding section shows that that brightness temperature contains contribu-
tions from both the broad and narrow components. Studied individually, the peak brightness 
temperatures in the individual components are lower: 20 K for the narrow component and 
15 K for the broad component (measured at 55" resolution). The velocity dispersions of 
those components, 4.5 and 10 km s-1 , limit their kinetic temperatures to be less than 2400 
K and 12000 K. 
The average HI volume densities of the clumps in Table 5.1 are all about 1 cm-3 . When 
the broad and narrow components are studied individually, the narrow component's peak 
column density of 4.9x1020 cm-2 averaged over a typical source diameter of 320 pc (Fig-
ure 5.9) gives a HI volume density of 0.49 cm-3 . The broad component's peak column density 
of 5.5x1020 cm-2 over a larger source size of about 800 pc gives a volume density of 0.22 
cm-3 . The HI volume density near the HII region can also be estimated from the radius and 
luminosity of the HII region, assuming it is a classical Stromgren sphere. One BO V star 
(Vacca et al. 1996) would produce an HII region with a radius of 50 pc (as observed) if the 
average ISM density were 0.6 cm-3 , which agrees with the other density estimates. From 
a volume density of 0.49 cm-3 and a kinetic temperature < 2400 K, we estimate the gas 
thermal pressure in the narrow (cold) phase to be < 1200 cm-3 K. 
111 
5.2. 7 Cold and Warm HI in Sag DIG 
In Paper I, three facts were used to argue that the broad and narrow HI components in Leo 
A are warm and cold phases of the HI medium, respectively, analogous to the warm and 
cold phases of HI in the Galaxy. Since the results in Sag DIG are remarkably like those in 
Leo A, the following arguments apply to Sag DIG as well. The major similarities between the 
Sag DIG and Leo A components and the Galactic phases are: (1) the values of their velocity 
dispersions (compared to Galactic emission spectra), even though the spatial resolution in 
the dwarf galaxies is much poorer than for Galactic HI spectra; (2) the distribution of the 
components, namely, that the broad component is distributed throughout the galaxy whereas 
the narrow component is only associated with certain regions, typically near star formation; 
and (3) most of the HI mass is in the broader (warm) component. Thus, there are now two 
examples of nearby dwarf galaxies whose HI spectra can be decomposed into these cold and 
warm phases. 
According to current models of HI phase structure (e.g. Field, Goldsmith & Habing 
1969, Wolfire 1995, and others), cold and warm HI phases can exist in equilibrium if they 
are in thermal, pressure, and ionization balance. Paper I presents some estimates of gas 
pressure and heating and cooling rates in Leo A to show that the coexistence of two phases 
is possible in this model. The same is also true of Sag DIG, which has a similar metallicity 
and estimated UV field to that in Leo A. 
Circumstantial evidence in favor of this interpretation comes from the fact that spectra 
of other clouds also show broad and narrow HI components. Recent HI observations of an 
intermediate-velocity cloud (Shaw et al. 1996) show one component with a dispersion of 13 
km s-1 and a second with a dispersion of 3.4 km s-1 ; these data have also been interpreted 
as evidence for a two-phase HI medium in that cloud. In fact, if such broad and narrow 
components are warm and cold phases, they ought to be detectable in many other galaxies, 
especially in face-on spirals observed with high spectral resolution. 
Based on the coincidence between the location of the low dispersion HI component and 
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the positions of HI clumps (Section 5.2.5), we have suggested that the HI clumps are in fact 
clumps of the narrow HI component; in other words, they are clumps of cold, dense gas with 
low thermal linewidths. Therefore, we associate these clumps with a velocity dispersion of 5 
km s-1 , which is the mode of the distribution of narrow-component widths from Figure 5.8. 
The HI clumps in Table 5.1 have typical radii of 80 pc, so their typical virial masses are 
l.4x 106 M0 . In comparison, their observed atomic masses (including helium) are a few 
times 105 M0 to 1.2x106 M0 . Thus, the brighter HI clumps are within a factor of two of 
being gravitationally bound, even without counting any molecular mass that may exist. This 
result, coupled with the fact that the known HII region in Sag DIG is coincident with the 
southeastern HI clump, strongly suggests that the low-dispersion HI component in Sag DIG 
is indeed associated with star formation. 
5.2.8 Kinematics and mass of Sag DIG 
The total optical luminosity of Sag DIG is given as MB = -10. 7±0.2 mag at a distance of 1.2 
Mpc (Longmore 1978), or LB = (2.8±0.5) x 106 L0 . Assuming a stellar mass-to-light ratio 
M*/ LB rvl-3, appropriate for blue irregulars (Broeils 1992), the stellar mass component 
is 2.8-8.4x106 M0 . The atomic mass (HI plus helium), however, is l.3x107 M0 . The 
atomic/stellar mass ratio can thus be estimated to be between 1.6 and 4.6, and the gas mass 
is probably the dominant contributor to the luminous mass. 
Because of the lack of detected rotation in Sag DIG, it is very difficult to determine a 
total mass for the galaxy. Assuming only that the total mass is at least as great as the 
luminous mass (;<, 2.lxl07 M0 ), the circular rotation speed required is at least 7.6 km s-1 
at a radius of 1.6 kpc (the largest detected HI extent). This kind of rotation speed (a velocity 
difference of 15 km s-1 across the galaxy) might conceivably be disguised by non-circular 
motions, especially if the rotation is close to face on as suggested by the roundness of the 
outer HI distribution. A virial mass calculation assuming a radius of 1.6 kpc and a velocity 
dispersion of about 10 km s-1 would give a total mass of 1x108 M0 for Sag DIG, or at 
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least five times larger than the luminous mass. However, the ring structure of the HI is not 
consistent with a virial model. In short we have very little information on the total mass of 
Sag DIG other than the lower limit provided by the luminous mass. 
It is tempting to speculate that the ring-shaped HI distribution in Sag DIG is an ex-
panding HI shell similar to those seen in some other dwarf galaxies (e.g. Puche & Westpfahl 
1994) and attributed to the combined effects of stellar winds and supernovae (De Young & 
Heckman 1994). Kinematic evidence of expansion might be seen in double-peaked HI spectra 
in the center of the galaxy or in a velocity field with circular symmetry and a radial velocity 
gradient. However, the spectra and velocity field show no conclusive evidence of those sig-
natures. Better optical data, especially color-magnitude diagrams, might provide evidence 
for or against that interpretation by testing for a strong episode of past star formation in 
Sag DIG. 
5.3 LGS 3 
While Sag DIG is a gas-rich irregular currently forming massive stars, LGS 3 is a relatively 
red galaxy (V -R= 0.4; B-V = 0. 7) dominated by an old stellar population (Lee 1995; Cook 
& Olszewski 1989; Melisse & Israel 1994). Its total magnitude, Mv = -10.35 (Lee 1995) is 
similar to that of Sag DIG, but its HI content is considerably smaller than that of Sag DIG 
(LSY), and there is no evidence of any HII region in LGS 3 (Hunter 1993; Hodge & Miller 
1995). The metallicity of the stellar content of LGS 3 is estimated to be [Fe/HJ = 0.008 
solar (Lee 1995). The largely old stellar population and the fact that the isophotes are well 
described by a King model with core radius 49" = 190 pc (Lee 1995) are qualities typical 
of many galactic dwarf spheroidal galaxies, so LGS 3 is sometimes classified as a spheroidal. 
The distance is estimated as 810±80 kpc based on the magnitude of the tip of the red giant 
branch (Lee 1995). 
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5.3.1 Observations 
The HI content of LGS 3 was also imaged with the VLA. The observations consist of a 
total of 4.0 hours in the VLA's D configuration on April 2, 1995, and 6.0 hours in the 
C configuration on November 12, 1994. The point source B0116+319 was observed every 
40 minutes for use as a complex gain calibrator, and the strong source B0134+329 (3C 
84) was observed once each day for use as a bandpass and flux density calibrator. The 
total bandwidth is 0.78 MHz and the spectral resolution of the data (after online Hanning 
smoothing) is 1.28 km s-1 . Data from the two configurations were combined with equal 
weight. Continuum emission was subtracted directly from the combined dataset using the 
task UVLIN in the AIPS package. This combined dataset was used to make images of the 
HI at two resolutions. The low resolution is 64" x 63" (250 pc), with rms noise 1.4 mJy /beam 
= 0.21 K. The higher resolution is 35"x35" (140 pc), with rms noise 1.1 mJy/beam = 0.55 
K. 
The total HI content of LGS 3 was measured at the NRAO 43m telescope on April 4, 
1993. We obtained 210 minutes of on-source integration time at the position 01 h 03m 56.08 , 
+21° 52' 45". Observations were made in frequency switched mode with a bandwidth of 2.5 
MHz, a throw of 2.5 MHz, and a spectral resolution of 1.02 km s-1 . A baseline of order 3 
was subtracted from the combined LGS 3 spectrum. Flux calibration was as for Sag DIG. 
5.3.2 Global HI properties 
Figure 5.10 presents a comparison of global HI spectra of LGS 3 measured by the 140' 
telescope and the VLA. The VLA spectrum was constructed by summing the intensities in 
each channel of the low-resolution HI cube. The integrated HI flux of LGS 3 in the VLA 
data is 2.68 ±0.12 Jy km s-1; LGS 3 has more than a factor of 10 less HI than Sag DIG, 
despite their similar optical magnitudes. In comparison, the 43m telescope single-dish HI 
spectrum of LGS 3 has an integrated HI flux of 2.7±0.1 Jy km s-1 . Thus, the VLA images 
detect all of the HI in LGS 3 and interpretations based on those images will not be biased 
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Figure 5.10: A comparison of global HI profiles of LGS 3 measured at the NRAO 140' 
telescope and at the VLA. 
by missing structures. At a distance of 810±80 kpc (Lee 1995), the HI flux of 2.7 Jy km s-1 
corresponds to a total HI mass of 3.9x105 M0 , or 5.5x105 M0 including He. 
The global HI spectrum of LGS 3 in Figure 5.10 is well described by a single Gaussian 
component of total flux 2.7 ±0.1 Jy km s-1 , centered at -286.5 ±0.25 km s-1 , with a velocity 
dispersion of 9.1 ±0.3 km s-1 . This new spectrum shows that the CO tentatively detected 
by Tacconi & Young (1987) at a velocity of -310 km s-1 is in fact outside the range of HI 
emission in LGS 3. That CO emission is probably not real. 
The previous single-dish HI measurement of LGS 3 (Thuan & Martin 1979) detected 
only 1.36 Jy km s-1 , which is just half the flux detected in the current observations. The 
discrepancy is most likely caused by the fact that Thuan & Martin used the Arecibo telescope, 
which has a beam of only 3.6'- smaller than the HI extent of the galaxy (Section 5.3.3). In 
addition, previous VLA observations of LGS 3 (LSY) detected only half the HI flux present 
in the current VLA images; this difference is probably due to the poor sensitivity of the 
earlier VLA images. 
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5.3.3 HI structure 
Figure 5.11 presents an integrated intensity image of LGS 3 at a resolution of 35" = 130 pc, 
superposed on an R-band image of the galaxy. Very little structure in the HI distribution 
is visible; the HI is centrally peaked, approximately centered on the stellar distribution. At 
lower resolution (64"; not shown) and higher sensitivity we find that the largest extent of HI 
at a column density of 5x1018 cm-2 is 6.0'x4.2' = 1.4 kpc x0.95 kpc, with the major axis at 
approximately P.A. = 0°. Both the HI and the stellar components of LGS 3 are elongated 
in roughly the same direction; the maximum HI radius in LGS 3 is three times the optical 
core radius (Lee 1995). 
The HI column density image in Figure 5.11 shows a hint of structure in the form of an 
extension or ridge approximately 2' long from the center of the galaxy towards the southwest. 
This ridge is seen, for example, at 01 h 03m 508 +21° 52' and is also noticeable in the individual 
channel images (Figure 5.12) at velocities near -289 km s-1 . 
5.3.4 Velocity field 
As for Sag DIG, the channel images in Figure 5.12 show very little sign of a velocity gradient 
compared to the HI velocity dispersion. Figure 5.13 shows the low-resolution velocity field 
of LGS 3, determined from the intensity-weighted mean velocity at each position. Because 
the HI profiles in LGS 3 are simple and are well described by a single Gaussian component 
(Section 5.3.5), the same velocity field is derived from either the intensity-weighted mean 
velocity or from fitting Gaussian components. The maximum velocity differences from one 
part of the galaxy to another are about 10 km s-1 . 
The velocity field in Figure 5.13 shows little clear sign of a velocity gradient. Most 
of the HI in the galaxy is centered at the systemic velocity of about -286 km s-1 ; the 
only significant feature visible in the velocity field is that HI in the southwest part of the 
galaxy, in the extension described in the previous section, is at the slightly more negative 
velocity of -290 km s-1 . But because there is no corresponding feature at slightly more 
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Figure 5.11: An optical image of LGS 3 is superposed on HI column density contours at 
35"x35" resolution. The contour levels are (-0.5, 0.5, 1, 2, 5, 10) x 1019 cm-2. The optical 
image is an R-band image obtained by the authors at Mount Laguna Observatory near San 
Diego. The optical and radio images were aligned to within 1" using the coordinates of 12 
stars from the APM catalog. 
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Figure 5.12: A series of channel images illustrating the distribution of HI in LGS 3 at 35" x 35" 
resolution. The heliocentric velocity (km s-1) of each channel is indicated in the upper right 
corner. As for Sag DIG, very little rotation is evident. 
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Figure 5.13: Greyscale and contours both show the HI velocity field in LGS 3 at the lowest 
spatial resolution (64"x63"). Contours range from -290 to -282 km s-1 in intervals of 2 
km s-1 , as illustrated in the color wedge on the right. 
positive velocities on the opposite side of the galaxy, it is difficult to interpret this feature 
as the sign of rotation. Any rotation in LGS 3 must be at a level of V sin( i) ::; 5 km s-1 . 
Since the velocity dispersions in LGS 3 are between 6 and 10 km s-1(Section 5.3.5), we find 
V sin(i)/a ::; 1. We note that any rotation in LGS 3 may be masked by non-circular motions 
of 10 km s-1 or less, or perhaps the galaxy is not supported by rotation at all. 
5.3.5 Velocity dispersion 
The HI velocity dispersions in LGS 3 were measured by fitting the profiles with single Gaus-
sian components. All profiles that have a peak intensity greater than the 3a level and that are 
in the vicinity of the galaxy's known emission were fit using the PROFIT routine in GIPSY. 
Fitted gaussians with ratios of the amplitude to the uncertainty in amplitude being less than 
3.0 were rejected as bad fits. This procedure was carried out on both the low resolution (240 
pc) and medium resolution (130 pc) cubes. For the medium resolution cube, errors in the 
fitted Gaussian parameters are typically 0.5-0.8 mJy /beam in amplitude, 0.5-1.5 km s-1 in 
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Figure 5.14: Contours and greyscale both show the HI velocity dispersion in LGS 3 at 35" 
resolution. Contours range from 6 to 12 km s-1 in intervals of 2 km s-1 , as illustrated in the 
color wedge on the right. Relatively high dispersions (12-14 km s-1 ) around the outer edge 
of the galaxy are probably not reliable because of poor signal-to-noise levels. 
the center velocity, and 0.4-1.3 km s-1 in the velocity dispersion. 
Figure 5.14 presents the velocity dispersion of HI in LGS 3 at a resolution of 35" = 
130 pc. The very high and very low dispersions around the outside edge of Figure 5.14 are 
probably not reliable because of the low signal-to-noise at those points. Reliable dispersions 
in the central part of the galaxy vary between 5.5 and 10 km s-1 , with the lowest values (5.5 
km s-1 ) located 11 north of the highest HI column densities. Another region of relatively low 
dispersions (7 km s-1) is coincident with the peak in HI column densities. Similar results 
are found for the low resolution cube, where velocity dispersions are 7-11 km s-1 . 
Residuals of the Gaussian fits in LGS 3 were inspected for evidence that the profiles are 
not well described by a simple one-component model. No such evidence was found. The 
121 
0.015 
§ 0.01 
(1) 
..0 
........... 
>. 
~ 0.005 
-350 -300 -250 
Velocity (km/s) 
Figure 5.15: A high sensitivity HI spectrum from LGS 3, averaged over the central region of 
the galaxy as described in the text. The heavy solid line is the data; a thin solid line shows 
the best-fit single Gaussian component, and the dotted line is the residuals of that fit. 
HI profiles in LGS 3 are well described by a single Gaussian component, even though the 
signal-to-noise ratios of the individual profiles are relatively high (the highest value is 17.0 
in the low resolution cube). Spatial averaging of the central part of the low-resolution cube 
over a 90"x150" box produces a signal-to-noise ratio of 23 (Figure 5.15). However there is 
still no sign that a simple one-component Gaussian fit is inadequate for this spectrum. In 
contrast, in Sag DIG it was found that some profiles with a signal-to-noise ratio of 20 in 
1.3 km s-1 channels show evidence of two Gaussian components at greater than the 97.5% 
confidence level. We conclude that the achieved signal-to-noise ratios in the LGS 3 data are 
high enough to detect the presence of multiple Gaussian components if they were present in 
LGS 3 at the same level as the components in Sag DIG (20-30% of the mass in a narrower 
component) and with similar dispersions. Thus, there is no convincing sign of the two-phase 
HI medium in LGS 3 as there is in Sag DIG. 
The peak HI brightness temperature in the individual channel images of LGS 3 is 5.0 
K at 35" resolution (140 pc). The median HI velocity dispersion in LGS 3 is 8.5 km s-1 , 
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which constrains the kinetic temperature to be less than 8700 K. (There may be significant 
temperature variation through the galaxy; for example, the lowest HI velocity dispersion 
in LGS 3 is 5.6 km s-1 , which limits the kinetic temperature at that point to be less than 
3800 K.) The peak HI column density in LGS 3 at 35" resolution is l.5x1020 cm-2 , and 
unresolved features in the HI column density image have typical peak HI column densities of 
1020 cm-2. Over a length scale of 140 pc, those features have an average HI volume density 
of 0.23 cm-3 . These densities and temperatures constrain the gas pressure in LGS 3 to be 
less than 1700 cm-3 K. 
5.3.6 Mass and boundedness of LGS 3 
The total optical luminosity of LGS 3, neglecting internal extinction and integrating within 
a 1.8' radius, is Mv = -10.35±0.2 mag or Lv = l.lxl06 £ 0 (Lee 1995). Assuming B-V= 
0.7 (Melisse & Israel 1994), we find Ln = (l.l±0.2)x106 L0 . For that color, an appropriate 
stellar mass-to-light ratio is M*/ Ln rv5 (Broeils 1992), which gives a total stellar mass of 
5.5x106 M0 . The atomic mass, on the other hand, is only 5.5x105 M0 . So the ratio of 
atomic to stellar masses in LGS 3 is :'.S 0.5 and is probably closer to 0.1. The stellar mass 
is the dominant contributor to the luminous mass, in contrast to the situation in Sag DIG. 
The optical luminosities of the two galaxies are of comparable magnitude, but the HI mass 
of Sag DIG is a factor of twenty higher than LGS 3. 
Since very little (if any) rotation is detected in LGS 3, it is not at all obvious whether 
the HI is supported by rotation which is close to face-on or whether the HI is perhaps not 
supported by rotation at all. The only available method of estimating the total mass is 
a virial calculation. For a gas radius of 580 pc and a typical HI dispersion of 8 km s-1 , 
the virial mass estimate of LGS 3 is 2.6xl07 M0 - about a factor of five higher than the 
expected stellar mass, and requiring dark matter to keep the system bound. Stellar velocity 
dispersions are needed in order to measure the mass and dark matter content of LGS 3 with 
greater confidence, however. Such observations would indicate how tightly the HI is bound 
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to the galaxy and clarify the origins of that HI. 
5.3. 7 LGS 3 and the dwarf spheroidals 
One of the most interesting things about LGS 3 is that it is sometimes classified on the 
basis of its optical properties as a dwarf spheroidal galaxy (Lee 1995). Yet the other dwarf 
spheroidals, unlike LGS 3, seem to have very little if any interstellar gas (Knapp et al. 1978; 
Mould et al. 1990; Bowen et al. 1995, 1996). If LGS 3 is indeed physically related to the 
other dwarf spheroidals, the theory that explains their evolution should also explain why 
LGS 3 has managed to retain some gas. 
It is commonly thought that a burst of star formation activity might have blown all of 
the ISM out of the dwarf spheroidals (e.g. Dekel & Silk 1986; De Young & Heckman 1994). 
A thoughtful review of this idea as well as some alternatives is provided by Skillman & 
Bender (1995). De Young & Heckman (1994) analyze the fate of a galaxy in which a number 
of supernovae and/or stellar winds suddenly turn on in the center of a uniform, ellipsoidal 
ISM distribution. For a galaxy with a mass of 107 M0 , radius 1 kpc, and ISM density 
0.1 cm-3 (cf. LGS 3's estimated virial mass 2.6x107 M0 , HI diameter l.4xl.O kpc, and gas 
density 0.2 cm-3), De Young & Heckman find that an energy input of 1053 erg or greater 
will remove all of the ISM from the galaxy. This calculation would predict that if LGS 3 
ever had on the order of 100 supernovae explode nearly simultaneously, it would lose all of 
its ISM. (Assuming that all stars more massive than 8 M0 produce supernovae and taking 
a Salpeter IMF, 100 supernovae would imply a total of 104 M0 of young stars between 0.1 
and 100 M0 .) 
The fact that LGS 3 still contains gas then implies one or more of the following three 
interpretations. The first possibility is that LGS 3 has not had that kind of a burst of star 
formation in the past. We may make this statement because the return rate of matter to 
the ISM from the old stars in LGS 3 is not high enough to disguise a previous ISM-removal 
episode; at a rate of 1.5 M0 yr-1per 1011 10 (Faber & Gallagher 1976), the 106 10 in LGS 3 
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would take 3.7x 1010 yr to produce the current 5.5x 105 M0 of gas. Unfortunately, the 
color-magnitude information available for LGS 3 is not deep enough to indicate whether the 
galaxy ever had a 104 M0 burst of star formation in the past. The second possibility is that 
LGS 3 has had a burst of star formation, but the removal of all ISM was not accomplished 
because of inhomogeneities in the ISM or because at the time LGS 3 had a significantly 
denser ISM than is now present. The third possibility is that removal of all of the ISM was 
not accomplished because LGS 3 contains a massive dark halo outside the HI and optical 
distributions. This massive halo would be an additional component beyond any dark matter 
which is inferred from the fact that the virial mass is larger than the luminous mass. 
5.4 Phoenix dwarf 
The Phoenix dwarf is, like LGS 3, variously classified as a spheroidal and as an irregular. 
Its color-magnitude diagrams are dominated by an old, metal-poor stellar population with 
perhaps a small hint of some recent star formation (van de Rydt, Demers, & Kunkel 1991; 
Ortolani & Gratton 1988). Its distance is estimated as 400-500 kpc. Recent single-dish HI 
observations of the region around the Phoenix dwarf galaxy suggested that there might be 
some HI at a heliocentric velocity of +56 km s-1 associated with this galaxy (Carignan, 
Demers, & Cote 1991). We have investigated this possibility with VLA observations of 
Phoenix. 
5.4.1 Observations 
The observations consist of a total of 2.0 hours in the VLA's DnC configuration on May 18, 
1996, and 4.0 hours in the CnB configuration on January 23, 1996. The point sources B0201-
440 and B0022-423 were observed every 40-50 minutes for use as complex gain calibrators, 
and the strong source B0134+329 (3C 84) was observed once each day for use as a bandpass 
and flux density calibrator. The total bandwidth is 1.56 MHz and the spectral resolution of 
the data (after offiine Hanning smoothing) is 2.56 km s-1 . Data from the two configurations 
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were combined with equal weight. Preliminary images were inspected to find velocity ranges 
without HI line emission. Continuum emission was subtracted directly from the combined 
dataset using the task UVLIN in the AIPS package, using the data in the line-free velocities 
186 to 132 and -45 to -66 km s-1 (heliocentric). This combined dataset was used to make 
an image of the HI at a resolution of 133" x 102", or 290 pc x 220 pc at Phoenix's distance of 
"'450 kpc. Therms noise in this cube is 3.7 mJy /beam= 0.17 Kin one 2.6 km s-1 channel. 
The image was corrected for the primary beam of the VLA. 
5.4.2 HI distribution 
HI is detected near Phoenix in three main velocity ranges. Some HI is present about 10' 
south of the optical galaxy in heliocentric velocities 62-49 km s-1 . The velocity range 13-0.6 
km s-1 contains Galactic emission (almost but not quite resolved out by the VLA), which 
shows up as strong, large scale positive and negative features over the entire field of view. 
Finally, HI is detected at -10 to -35 km s-1 about 5' southwest of the optical galaxy, 650 pc 
in projection at a distance of 450 kpc, in a curved structure which wraps around the south 
and west sides of the galaxy. No HI is detected coincident with the optical emission, and 
no HI is detected at the velocities around 140 km s-1 which show strong Magellanic Stream 
emission in the spectra of Carignan et al. (1991). Figure 5.16 presents the distribution of HI 
emission around Phoenix, summed over velocities from -5 to -35 km s-1 and from 40 to 60 
km s-1 . Integrated spectra of the HI components near Phoenix are presented in Figure 5.17. 
The HI emission curving around the west and south sides of the Phoenix galaxy at -23 
km s-1 is referred to as cloud A, and it has an integrated flux of 2.6 Jy km s-1 . Its peak 
column density is 4.0x1019 cm-2 , and its peak brightness temperature is 1.4 K. This emission 
has a velocity dispersion of 7 km s-1 , which is typical of HI dispersions in the outer parts 
of face-on spiral galaxies (e.g. Shostak & van der Kruit 1984), and which limits the kinetic 
temperature of the HI to be less than 6000 K. The gas shows a smooth velocity gradient 
from -15 km s-1 at its northern end to -27 km s-1 at its southern end. This emission is 
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Figure 5.16: An optical image of the Phoenix dwarf from the digitized POSS is superposed 
on HI column density contours. The contour levels are (-2, -1, -0.5, 0.5, 1, 2, 4) x 1019 
cm-2 • The optical and radio images were aligned to within 1" using the coordinates of 24 
stars from the APM catalog. Positive and negative contours in the bottom left and right 
corners are simply noise amplified by the primary beam correction. The two HI features are 
referred to as cloud A, immediately southwest of the optical galaxy, and cloud B, about 8' 
south of the optical galaxy. 
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Figure 5.17: Integrated HI spectra of clouds A (left) and B (right) near the Phoenix dwarf. 
Local (Galactic) HI is also indicated. 
not mentioned by Carignan et al. (1991), most likely because it is very close in velocity to 
the Galactic emission. 
The HI emission which is about 10' south of the optical galaxy at about 55 km s-1 is 
referred to as cloud B, and it is presumably the same emission detected by Carignan et al. 
(1991), who also noted stronger emission south of the galaxy. This cloud has an integrated 
flux of 1.6 Jy km s-1, a peak column density of 2.7x1019 cm-2 , and a peak brightness 
temperature of 1.8 K. The velocity dispersion of this cloud is only 3 km s-1 , significantly 
less than the dispersion of cloud A, and that low dispersion limits the kinetic temperature of 
cloud B to be less than 1100 K. This cloud shows an abrupt velocity change from 52 km s-1 
in the eastern half of the cloud to 55 km s-1 in the western half of the cloud. The extent 
of this emission is comparable to the largest scales detectable by the VLA at this frequency, 
which reminds us that much of the HI emission may have been resolved out. 
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5.4.3 Is any HI associated with Phoenix? 
Cloud B, which is well south of the optical galaxy, would seem to be less likely associated 
with the galaxy simply because of its location. Cloud A is much closer to the optical galaxy 
and the curved shape of the emission even suggests that this cloud might be associated with 
the optical galaxy. However, the optical velocity of Phoenix is not known, and until it is 
known, any associations between HI and the galaxy are speculative. In this respect the 
Phoenix dwarf is similar to the Tucana dwarf (Oosterloo 1996). 
We are reluctant to associate either cloud A or cloud B with the Phoenix dwarf for the 
following reason. Observations of the Magellanic Stream (e.g. Haynes 1979; Morras 1985) 
show that the velocity structure of HI near the position of the Phoenix dwarf is complex 
and multiple-valued. (Phoenix is located on the western edge of the Magellanic Stream.) 
The main body of Magellanic Stream emission near Phoenix is at a heliocentric velocity of 
140 km s-1 , but low column density features are found at velocities up to 100 km s-1 away 
from that main body and sometimes even farther. The entire region around the Magellanic 
Stream is littered with such anomalous velocity features. Because of this fact, and because 
the optical velocity of Phoenix is not known, we have no evidence to distinguish whether the 
HI emission at +55 and -23 km s-1 is associated with the dwarf galaxy, with the Magellanic 
Stream, or perhaps neither. 
Though LGS 3 and Phoenix are often spoken of together, as two examples of the same 
type of transition galaxy, we see that they are really quite different. This statement is 
true even if cloud A or cloud B is associated with Phoenix. LGS 3 has managed to retain a 
substantial amount of interstellar gas, centrally concentrated with the stars, whereas Phoenix 
has not. Thus the potential for future star formation is higher in LGS 3, where at least there 
is some gas, than in Phoenix. 
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5.5 Discussion 
The two dwarf irregulars Leo A (Paper I) and Sag DIG show many similarities. Both are 
faint, blue, gas-rich dwarfs galaxies with evidence for current star formation. Both were 
initially selected for further study based on their unusual HI ring/ arc distributions in the 
images of LSY. The origins of the HI ring shapes are still not understood in these galaxies. 
Most interestingly, both Leo A and Sag DIG show good evidence for cold and warm HI 
phases; both have been decomposed into HI components of 3-5 and 8-10 km s-1 dispersions. 
LGS 3 is like the dwarf irregulars in that it is a faint, low metallicity galaxy with a diffuse 
HI component extending farther than the stars; it is unlike Leo A and Sag DIG in that it 
shows only the broader HI component. 
The unifying property of the ISM in the disparate galaxy types of this project seems to be 
the presence of cold gas (HI and/ or CO) in galaxies which show some current star formation. 
In the dwarf ellipticals (Paper II) this cold gas is easily seen in the molecular emission and 
the HI associated with molecular clouds. In the dwarf irregulars Leo A and Sag DIG the cold 
gas is seen by decomposing the HI emission into cold and warm phases with different velocity 
dispersions. However, LGS 3, the galaxy with the least amount of current star formation, 
shows no sign of a cold HI phase. These results provide some evidence in support of the idea 
that the development of a cold HI phase is a necessary step, or at least a common one, in 
the process of star formation (Elmegreen & Parravano 1994; Hunter & Plummer 1996). The 
results presented here are significant because rather than speculate about the presence of a 
cold HI phase, we can identify a cold HI phase, map its distribution, and study its properties. 
A cold phase can even be identified in low metallicity galaxies where molecular emission is 
not detectable. 
This interpretation of HI components as warm and cold phases leads us to wonder why the 
other dwarf irregulars show a narrow, cold HI phase and LGS 3 does not. HI phase models 
(e.g. Wolfire 1995) show that a cold HI phase is only stable if the interstellar pressure is 
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higher than some minimum value. For metallicities of 2% of solar and mean interstellar UV 
fields between 10-1 and 10-3 of the solar neighborhood value, values roughly appropriate 
for Leo A, Sag DIG, and LGS 3, Wolfire's calculations show that this minimum interstellar 
pressure varies from 10 to 200 K cm-3 depending on conditions (Paper I). It may be that the 
interstellar pressures in Sag DIG and Leo A are high enough to maintain a cold HI phase, 
whereas the pressures in LGS 3 are not. The very crude estimates of HI pressure of 1700 
cm-3 K for LGS 3 (Section 5.3.5) and 1200 cm-3 K (2400 cm-3 K) for the cold (warm) phase 
of Sag DIG (Section 5.2.6) are not constrained tightly enough to answer directly whether 
the pressure in LGS 3 is too low to support a cold phase. Better information on the gas 
temperature would improve these estimates of interstellar pressure; some knowledge of the 
magnitude of non-thermal pressures would also improve our confidence in these types of 
comparisons. 
As mentioned in the introduction, the presence or absence of dark matter in dwarf galaxies 
provides important constraints on cosmological models. A recent review article by Skillman 
(1997) discusses this question and concludes that of the very low-luminosity dwarfs (M8 = 
-15 and fainter), some have quite high dark/luminous mass ratios close to 10 and others 
have much lower ratios of only a couple or less. The galaxies observed in this project seem 
to bear out that conclusion. The virial mass calculation for LGS 3 implies a dark/luminous 
mass close to 5, whereas the corresponding ratio for Leo A is less than 2 (Paper I). Thus, 
the model that accounts for the dark matter contents of dwarf galaxies must also account 
for a wide variation in the amount of dark matter per galaxy. 
5.6 Summary 
We have presented new observations of the HI content of Sag DIG and LGS 3 at higher sen-
sitivity and higher spectral resolution than was previously available. We have also presented 
VLA observations of HI around the Phoenix dwarf galaxy. 
The HI in Sag DIG forms a complete, asymmetric ring with a diameter of about 1.3 kpc; 
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the maximum HI extent is 3.3 kpc, on the order of three times larger than the optical extent 
of the galaxy. On scales of rvl50 pc the stars are near to but not coincident with HI column 
density peaks of lxl021 cm-2 . A small number of HI clumps of typical mass 8x105 M0 
and radius 150 pc are the major substructures identifiable in these images. One of these HI 
clumps may be associated with the current star formation traced by an HII region. 
HI line profiles in Sag DIG show evidence of two distinct components, one with a dis-
persion of about 4.5 km s-1 and the other with a dispersion of 10 km s-1 . The broader 
component is distributed throughout the entire galaxy, in every profile that could be stud-
ied; some profiles also show the narrow component. The low-dispersion component is usually 
identified in profiles with total HI column densities above 4x1020 cm-2 and seems to be dis-
tributed in the HI clumps mentioned in the previous paragraph. We estimate that 20-30% 
of the HI flux of Sag DIG is in the low-dispersion component. By analogy with Galactic HI 
emission spectra, we interpret these two components to be evidence for cold and warm HI 
phases in Sag DIG. Similar evidence was found in the dwarf irregular Leo A. 
The velocity field of Sag DIG shows approximate mirror symmetry about an axis but 
it is not, however, easily interpretable as simple circular rotation. Maximum differences in 
this velocity field are 12 km s-1 . Because we cannot clearly identify a large-scale velocity 
gradient it is difficult to estimate the total mass of Sag DIG. The luminous mass of the 
galaxy is dominated by the atomic gas rather than by the stars. 
LGS 3 has 5.5x105 M0 of atomic gas (including helium) which is centrally concentrated 
and shows little internal structure. The peak HI column densities are very low: 1.5x1020 
cm-2 at resolutions of 140 pc. 
HI velocity dispersions in LGS 3 range from 6 to 10 km s-1 , comparable to the broad 
component in Sag DIG; there is no evidence for a low-dispersion component in LGS 3, though 
it should have been detectable if present at the same levels as in Sag DIG. The absence of a 
low-dispersion (cold) HI phase may explain why the star formation rate in LGS 3 is so low. 
The velocity field of LGS 3 shows little sign of rotation. A virial mass calculation using 
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the HI dispersion and extent gives an estimated 2.6x107 M0 total mass for LGS 3, which 
is on the order of 10 times higher than the luminous mass. In contrast to Sag DIG, the 
luminous mass of LGS 3 is dominated by the stellar mass. 
We have detected a total of 4.2 Jy km s-1 of HI emission near the Phoenix dwarf galaxy; 
it is found in two clouds at +55 and -23 km s-1 . Neither cloud is coincident with the optical 
galaxy, and neither can be convincingly associated with the optical galaxy, whose velocity is 
not known. 
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Chapter 6 
Discussion 
This chapter collects and summarizes the major results presented in Chapters 2 through 5. 
It also provides answers to the questions discussed in Chapter 1. 
6.1 Comparisons of the five galaxies 
Figure 1.1 presented an introduction to the HI and optical appearances of the five galaxies 
studied in detail in this thesis. Table 6.1 compares some relevant properties of those galaxies. 
References for the values in the table may be found in Chapters 2 through 5. 
Some of the parameters in Table 6.1 are derived in different ways for different galaxy 
types. For Leo A and Sag DIG, the metallicity is an oxygen abundance measured from 
a planetary nebula and an HII region respectively (Skillman, Kennicutt, & Hodge 1989; 
Skillman, Terlevich, & Melnick 1989). The metallicities of NGC 185 and NGC 205 are also 
oxygen abundances derived from planetary nebulae (Richer & McCall 1995); the value for 
NGC 205, 0.5 solar, compares favorably with an iron abundance of 0.5 solar estimated for the 
youngest stars (Bica et al. 1990). The metallicity estimate of LGS 3 is an iron abundance in 
the RGB stars (Lee 1995), which is comparable to the oxygen abundances on the assumption 
of [Fe/O] = 1.0 (Skillman, Kennicutt, & Hodge 1989). 
The star formation rates for Leo A and Sag DIG are directly calculated from the Ha 
luminosities (Chapters 2 and 5) after the method described by Kennicutt (1983) and Hunter 
& Gallagher (1986). Since the dwarf ellipticals and LGS 3 have no HII regions, their star 
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Table 6.1: HI and optical properties of the sample galaxies 
Leo A Sag DIG NGC 185 NGC 205 LGS 3 
Galaxy type Irr Irr Ell Ell Irr/Sph? 
LB, 106 L0 53 2.8 47 340 1.1 
B-V 0.26 <0.7 1.1 0.75 0.7 
Metallicity, solar units 0.02 0.03 0.2 0.5 0.008 
Distance, Mpc 2.2 1.2 0.60 0.85 0.81 
Star formation, M0 yr-1 3x10-4 3x10-5 4x 10-4 1x10-2 O? 
M(HI), 106 M0 81 9.3 0.10 0.43 0.39 
M(HI)/LB 1.5 3.3 0.0021 0.0013 0.35 
Tgas, yr 4x1011 4x1011 4x108 6x107 00 
Largest HI extent, kpc llx6.8 3.3x3.0 0.65 1.6xl.O l.4x0.95 
Nm, x1020 cm-2 , peak 27 12 2.9 4.6 1.5 
HI, M0 pc-2 , peak 22 9.6 2.3 3.7 1.2 
Resolution, pc 160 130x90 60 70 140 
HI M0 pc-2 , avg 1.4 1.2 0.30 0.34 0.37 
HI dispersion, km s-1 3.5, 9 4.5, 9.5 3.9-15.2 3.7-10.5 8.5 
formation rates are estimated from direct counts of bright blue stars as described by Welch 
et al. (1996) using the data of Lee et al. (1993) and Lee (1995, 1996). Though it is not 
clear that star formation rates from color-magnitude information can be directly compared 
to star formation rates from Ha luminosities, it is the best that can be done with available 
data. Uncertainties in the star formation rates of the ellipticals are large and are dominated 
by uncertainty in the mass of young stars now present. For example, the mass of young 
stars in NGC 185 has been estimated to be 2xl03 M0 to 2x105 M0 (Gallagher and Hunter 
1981; Welch 1996; Hodge 1963). The mass of young stars in NGC 205 is variously estimated 
as lx104 M0 and 5x106 M0 (Hodge 1973; Wilcots et al. 1990; Lee 1996). Differences in 
the assumed IMF and in the small numbers of assumed massive stars account for the large 
ranges in extrapolated masses. The ages of the young stars are estimated at 20-80 Myr (Lee 
1996). The resulting star formation rates for the dwarf ellipticals in Table 6.1 are uncertain 
by at least a factor of 10 up or down. The star formation rate of LGS 3 is consistent with 
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Table 6.2: Estimated pressures and UV fields of the sample galaxies 
Leo A Sag DIG NGC 185 NGC 205 LGS 3 
Tkin, K, upper limit 1500 2400 1800 1600 8700 
9800 11000 28000 13000 
HI volume density, cm-3 1.3 0.5 rvl 0.5 0.2 
0.1 0.2 
Pressure, cm-3 K 2000 1000 2000 2000 2000 
1000 2000 
UV field 10-2-10-3 10-2-10-3 0.01-0.06 rvl <0.01 
zero, as the one possible late 0 main sequence star might also be a foreground Galactic star. 
The parameter Tgas gives the gas depletion timescale, calculated as the atomic gas mass 
(including helium) divided by the star formation rate; these timescales are also uncertain 
by a factor of 10 up or down for the ellipticals. Molecular gas is not included in these 
order-of-magnitude estimates; in NGC 185 and 205, the molecular mass is estimated to be 
comparable to the atomic mass (Chapter 4). 
The HI properties in Table 6.1 are derived from the observations in this thesis. The 
largest HI extent is measured from the lowest resolution ( rv60") column density image of 
each galaxy at a level of 5x1018 cm-2 . The average HI column density then refers to the 
total HI mass spread over this area. The resolution in pc is the highest linear resolution 
achieved in these observations. HI masses in this table do not include helium. 
Table 6.2 collects estimates of the HI temperature, density, thermal pressure, and UV 
field given in Chapters 2 through 5 and in the published literature. The pressures and UV 
fields are used in the next section, which applies current models of the ISM to the galaxies 
in this study. It is well to remember that the values in Table 6.2, particularly the pressures 
and UV fields, are not expected to be more accurate than a factor of 10. Nevertheless, 
these estimates are valuable because they give some rough indication of the conditions in 
the ISM, and they serve to illustrate some ways in which our knowledge of the ISM needs to 
be improved. 
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The kinetic temperatures in Table 6.2 are upper limits based on the HI velocity disper-
sion. For Leo A and Sag DIG two temperature limits are given, one for the high-dispersion 
component and one for the low-dispersion component. For NGC 185 and NGC 205 the 
two values correspond to the lowest and highest dispersions in individual HI clumps. HI 
volume densities are derived from HI column densities and/or clump masses, as described 
in the chapters, again with two values for the two phases in Leo A and Sag DIG. In each 
of NGC 185 and NGC 205, one HI clump was studied in detail and the estimated density 
of that clump is given. Thermal pressures are simply the gas density times its temperature; 
these pressures are likely to be overestimated, because some component of the HI linewidth 
is not thermal, and yet they are also likely to be underestimated because the limited spatial 
resolution smoothes over high density features. 
The UV fields given in Table 6.2 are extremely uncertain; they are derived as discussed in 
Chapters 2 through 5 and are given in units of the solar neighborhood field (e.g. Draine 1978; 
Habing 1968). The interstellar UV field, of course, should depend on position within the 
galaxy; the values given here are calculated for the positions of interesting HI or molecular 
clouds (for the dwarf ellipticals) or at "typical" positions which are not very near the UV 
sources (see Habing 1968 for a discussion). The average UV field in Leo A is estimated 
from the relative densities of 0 and early B stars, compared to their densities in the solar 
neighborhood (Bahcall & Soneira 1980). There is no good color-magnitude information for 
Sag DIG, but the UV field is expected to be similar (order-of-magnitude) to that in Leo A 
based on the relative Ha fluxes. 
In chapter 3 we estimate the UV field in NGC 205 at the position of the northern 
molecular cloud to be about the same as the solar neighborhood field. On the other hand, 
the other dwarf elliptical, NGC 185, has five times fewer young massive stars than NGC 205 
(Lee 1996). Welch et al. (1996) have estimated the interstellar UV field in NGC 185 to 
be much lower than in NGC 205: only 0.01-0.06 of the solar neighborhood field. Welch 
et al. also show that the UV field in NGC 185 is dominated by a contributions from the 
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old stellar population; if we make the same assumption about LGS 3, we note that the UV 
field in LGS 3 must be lower than that in NGC 185 because LGS 3's luminosity and surface 
brightness are factors of 50-100 lower than NGC 185. 
6.2 Properties of the ISM in the sample galaxies 
The most basic result to come out of this work is that the properties and the phase structure 
of the ISM do vary in the different galaxy types. For example, Table 6.1 shows that LGS 3 
is similar to the dwarf ellipticals NGC 185 and NGC 205 in terms of its color (a very crude 
indicator of its past star formation history), lack of Ha emission, HI mass, column density, 
and HI extent. Despite these similarities, the ISM of LGS 3 is very different from that of the 
dwarf ellipticals. NGC 185 and NGC 205 show ample evidence of cold gas, both molecular 
gas and the distinct HI clumps which are probably photodissociated envelopes around those 
molecular clouds. (As discussed in Chapters 3 and 4, the relationship between atomic and 
molecular gas is different in the dwarf ellipticals from the corresponding relationship in our 
Galaxy and M31.) In contrast to the dwarf ellipticals, LGS 3 shows no good evidence for 
cold gas, either cold HI or CO. 
The dwarf irregulars Leo A and Sag DIG are more like each other than they are any other 
galaxies in the sample, considering both their optical properties and the properties of their 
ISMs. Both show evidence of low-dispersion and high-dispersion HI components, which 
are interpreted here as cold and warm neutral phases. The relative proportions of those 
phases are similar: 70-80% of the HI is in the high-dispersion component. These results 
are comparable to what is known about Galactic HI. On the other hand, the irregulars 
(particularly Sag DIG) have comparable metallicities and luminosities to LGS 3, yet very 
different ISMs from that in LGS 3. 
Those results agree with current models of the ISM. For example, the models of H2 
shielding by van Dishoeck and Black (1986) can explain the low column densities of HI in 
NGC 185 and 205 with reasonable molecular gas densities and UV fields (Table 6.2). In the 
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case of NGC 205, an atomic envelope of only 4x1020 cm-2 is expected around a molecular 
cloud of density 200-300 cm-3 illuminated by a solar neighborhood-type UV field. That 
required density is consistent with the observed 12CO 2-1/1-0 line ratio (Chapter 3). The 
lower UV field in NGC 185 would produce the observed HI column density of that galaxy if 
the molecular gas density is low (10-20 cm-3), or if the formation rate of molecular hydrogen 
on grains is significantly different from expected. The observed HI column densities in 
NGC 185 can also be explained if some significant fraction of the HI in NGC 185 is not serving 
as a photodissociated envelope. Further measurements of CO line ratios would constrain the 
molecular gas densities. Until then, the available information adequately explains the HI 
column densities in the dwarf ellipticals, at least in NGC 205. 
The presence of cold and warm HI phases in the irregulars Leo A and Sag DIG can also 
be understood in terms of current models of the ISM. Chapter 2 summarizes the essential 
assumptions of two-phase HI models and the physical processes that are thought to be 
most important in the ISM. The crucial piece of information is that because of the shape 
of the cooling curve, two HI phases can exist in equilibrium only if the pressure is in a 
certain range. If the pressure is too high, only the cold phase is stable; if the pressure 
is too low, only the warm phase is stable. The simple calculations in Chapter 2 and the 
calculations of Wolfire (1995) indicate that it is possible to have stable two-phase HI media 
even at the extremely low metallicity and UV field conditions found in these galaxies. Thus, 
the dwarf irregulars presented here provide a new piece of information which could not be 
gained from observations of Galactic or Magellanic Cloud HI. Current models agree with 
the observations provided that the thermal pressure is in the range 10-1000 cm-3 Kin the 
irregulars, significantly lower than the values of 3000-5000 cm-3 K estimated for our Galaxy 
(Kulkarni & Heiles 1988). The crude estimates of pressure that we have been able to make 
(Chapters 2 and 5) bear out this expectation, though pressure is not easy to constrain. The 
next step, explaining the relative amounts of warm and cold HI, is much more difficult. In 
fact the relative amounts of those phases are not well understood even in our own Galaxy 
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(Shull 1987). 
It should also be possible to understand the difference between LGS 3 and the irregulars 
Sag DIG and Leo A based on ISM models. The metallicities of all three galaxies are com-
parable; all have low UV fields (Tables 6.1 and 6.2). If LGS 3 does indeed lack a cold HI 
phase, then we infer that its interstellar pressure is probably lower than the minimum value 
required for a stable cold phase. As discussed in Chapter 5, the currently available pressure 
estimates are not good enough to confirm or disprove this hypothesis. 
A comparison between LGS 3 and the other dwarf ellipticals is more complicated be-
cause, although they have similar HI masses, column densities, and extents, there are major 
differences in the metallicity and the total galaxy mass, which determines the depth of the 
gravitational potential well. In Wolfire's (1995) work, the effect of lowering the metallicity 
at a constant UV field is to increase the pressures at which two HI phases are stable. For 
example, at the standard solar neighborhood UV field value, a change in metallicity from 
1 to 0.01 solar moves the minimum pressure for the existence of CNM from 103 cm-3 K to 
104 cm-3 K. Thus even if the gas pressure were the same in LGS 3 as the dwarf ellipticals, 
the change in metallicity would mean that a cold phase would probably not be stable. We 
caution that a comparison to the dwarf ellipticals is not entirely straightforward because the 
two-phase model may not be applicable to the dwarf ellipticals. The HI clumps, if they are 
photodissociated envelopes gravitationally bound to molecular clouds, would not necessarily 
be in pressure equilibrium with an intercloud medium. 
In short, the differences in ISM in the various galaxy types here are largely explained 
in terms of current models of the ISM. A fundamental limitation to applying the models 
to the current observations is poor knowledge of the gas pressure, limited mainly by poorly 
constrainted temperatures, and poor knowledge of other possible non-thermal sources of 
interstellar pressure. 
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6.3 Star formation and the ISM 
Given what we have learned about the kinds of ISMs that can exist in the various types 
of dwarfs, we may now ask what conditions are necessary for (or at least associated with) 
star formation in these dwarfs. Of the five galaxies in this sample, the four with good 
evidence of current star formation (all except LGS 3) have also good evidence for cold gas. 
In the dwarf ellipticals, this cold gas is seen in the molecular gas but also in the HI clumps 
which are probably associated with the molecular gas. In the dwarf irregulars, this cold 
gas is assumed to be the low-dispersion HI component. In principle, a coincidence between 
star formation and cold gas does not allow us to say whether the cold gas is a cause or an 
effect of star formation (or neither). However, because star formation is thought to occur in 
cold molecular gas and young stars are known to inject kinetic and thermal energy into the 
surrounding medium, it seems more likely that low-dispersion gas would be a raw material 
for star formation than a product of star formation. Thus it seems that a cold HI phase 
is a necessary step, or at least a common one, in the star formation process. This idea 
was proposed by Elmegreen & Parravano (1994) and also discussed by Hunter & Plummer 
(1996). In this picture, one of the main criteria for determining whether star formation can 
take place is whether the conditions are suitable for the stability of a cold HI phase. Of 
course, star formation is expected to occur in molecular gas, not atomic gas. We suggest 
that for galaxies where CO is not detectable, as in LGS 3 and the irregulars of this sample, 
the presence of a cold HI phase provides a better diagnostic of conditions appropriate for 
star formation than any measures of the total HI content or column density. 
An alternative idea is that star formation requires the column density of neutral hydrogen 
to be high enough to permit the formation of molecular gas. This idea has some empirical 
confirmation from the fact that molecular gas in our own Galaxy is typically associated 
with atomic column densities of at least 1021 cm-2 (Blitz 1993; Lada 1988; Savage 1977). 
Observations of dwarf galaxies (e.g. Skillman 1987; Taylor et al. 1994) suggest that such 
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a criterion does seem to work in dwarf galaxies. Skillman (1987) questions whether the HI 
column density threshold is constant at a value of about 1021 cm-2 for every galaxy. The 
presence of molecular gas in the dwarf ellipticals of this thesis, in places where the HI column 
density is only 2x1020 cm-2 , is evidence that the threshold value (if it applies) cannot be 
the same in all galaxies. Metallicity, gas density and UV field must all be influential factors 
(van Dishoek & Black 1986). 
Another idea which is commonly used to explain star formation in dwarf galaxies is 
Toomre's (1964) criterion, which balances gravitational instability against the disruptive 
action of angular momentum and velocity dispersion in a rotating disk. It is often applied 
to dwarf galaxies as well (Taylor et al. 1994, van Zee 1996; Hunter & Plummer 1996); in the 
absence of molecular gas information, the Toomre stability criterion is used to infer the likely 
presence of cold, self-gravitating clouds which might be appropriate sites for star formation. 
Toomre's criterion can be stated as follows: for a rotating disk galaxy, the gas mass 
surface density must be higher than some critical value to produce instability. In terms of 
an HI column density, the criterion can be written ~c = 2.04 x 10350:11:a, where ~c is in 
atoms cm-
2
, K is the epicyclic frequency in radians s-1 , a is the gas velocity dispersion in 
km s-
1
, and a is a parameter near 1 for thin disks (somewhat less than one for thick disks). 
The assumed mass of helium is already included. The epicyclic frequency is taken to be 
twice the gas's circular frequency in cases of solid body rotation. 
For NGC 205, a rotation velocity of 30 km s-1 at a distance of 620 pc from the optical 
center of the galaxy, taken with a typical HI velocity dispersion of 8 km s-1 , produces a 
critical surface density of 5xl021 atoms cm-2 . The observed HI and H2 column densities 
in the northern molecular cloud of NGC 205 are 2.4x1020 and 3x1020 cm-2 , respectively, 
producing a total observed proton column density of 8.4x1020 cm-2 . If the Toomre criterion 
indeed applies to NGC 205, it implies a required value of a of about 0.16, roughly comparable 
to the value of 0.3 derived for Sextans A (Hunter & Plummer) and lower than the value of 
o;rv0.7 inferred for spirals (Kennicutt 1989). More surprising, however, is the test applied to 
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Leo A; with a rotation velocity of about 5 km s-1 at a distance of 2500 pc from the center 
of the HI distribution, and a velocity dispersion of 9 km s-1 , we find a threshold column 
density of only 2.3x1020 cm-2. If the Toomre criterion applies to Leo A, then, we would 
expect almost the entire galaxy to be collapsing and forming stars. The discrepancy may 
be resolved if Leo A is indeed close to face-on, so that its true rotational velocity is higher 
than the 5 km s-1 detected. A second, perhaps more likely, possibility is that Toomre's 
criterion does not apply to the very small galaxies studied here. Toomre's analysis breaks 
down when the gas velocity dispersion is comparable to the circular rotation velocity, and 
this situation is probably the case. For example, even if they had mass-to-light ratios 2'.: 10 
and total masses rvl08 M0 , the circular rotation speeds expected in Sag DIG and LGS 3 
would be 15 km s-1, comparable to the HI dispersions of 8-10 km s- 1. For this reason, we 
believe that Toomre's stability analysis is not a good indicator of conditions appropriate for 
star formation in low-mass dwarf galaxies. 
6.4 Star formation rates 
The next issue beyond understanding the presence or absence of star formation is the rate 
of star formation. The data in Table 6.1 show that all four of the galaxies NGC 185, 
NGC 205, Leo A and Sag DIG have similar star formation rates when normalized to total blue 
luminosity. The values for these galaxies range between 6x10-12 and 3x10-11 M0 yr-1 per 
L0 . However, when normalized by total gas mass, the dwarf ellipticals have star formation 
rates that are 2 to 4 orders of magnitude higher than the irregulars. (The star formation 
rate per unit gas mass appears in the table as its inverse, the gas depletion timescale.) 
Hunter & Gallagher (1986) found gas depletion timescales of 1010 to 1012 yr for a sample of 
low surface brightness irregular galaxies, and the irregulars Leo A and Sag DIG fall in this 
range. Kennicutt (1983) found depletion timescales of 109 to 2x1010 yr for a sample of spirals. 
Hunter & Gallagher also found depletion timescales of 1010 to 108 yr for a sample of active, 
high surface brightness irregulars. Thus, the depletion timescales in the dwarf ellipticals 
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NGC 185 and 205 are comparable to those in the most active spirals and irregulars. 
It is not clear why the star formation rate (per unit gas mass) should be so much higher 
in the ellipticals than in the irregulars of this study. As discussed above, we caution that 
some of the difference may arise in the fact that star counts (color-magnitude information) 
are used for the dwarf ellipticals and Ha fluxes are used in the dwarf irregulars. Part of 
the discrepancy could be also explained by assuming that a greater fraction of the ISM 
in the ellipticals is actively involved in or associated with star formation. Specifically, the 
dwarf irregulars have 70-80% of their HI mass in a high-dispersion, warm phase which is 
presumably not a raw material for star formation. Such a diffuse phase is not identified in 
the dwarf ellipticals. It seems unlikely that these two factors would account for 2-4 orders of 
magnitude difference in the gas depletion timescales, however; so the reason for the different 
timescales remains a mystery. 
6.5 Kinematics and evolution 
The data presented in this thesis contain major improvements over previous kinematic stud-
ies of the gas in these galaxies. In the case of the dwarf ellipticals NGC 185 and 205, the 
improvement made here is in spatial resolution; in contrast to earlier work, the gas distribu-
tions are now fully resolved. In the case of the irregulars, the improvement comes from the 
recovery of all of the HI gas instead of only half of it and from higher velocity resolution. 
Previous obervations of the irregulars (LSY) showed no clear evidence of rotation. How-
ever, Leo A now shows a clear velocity gradient of about 10 km s-1 over 5 kpc. The gradient 
is not along either the major or the minor axes of the HI distribution, and we have shown 
that the HI distribution is unlikely to be a circular, inclined disk supported by rotation. 
Sag DIG and LGS 3 do not appear to be rotating in a systematic manner, though there 
is some significant pattern in the velocity field of Sag DIG which was not observed before. 
NGC 185 also does not appear to be rotating, but seems to be made up of a small number 
of clumps whose distribution is supported by random motions. NGC 205 shows the clearest 
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signs of rotation in the form of a velocity gradient amounting to 40 km s-1 across 900 pc, 
aligned with the major axis of the HI distribution. 
The dark matter contents of the dwarf ellipticals NGC 185 and 205 are most easily 
measured with stellar velocity dispersions (Bender et al. 1991; Peterson & Caldwell 1993), 
which indicate mass-to-light ratios of 8-10. Such values are typical of elliptical galaxies. 
LGS 3 also seems to have a relatively high mass-to-light ratio of rv 5, if one accepts the 
vi rial mass calculation based on the HI extent and dispersion (Chapter 5). For Sag DIG 
and Leo A the situation is less clear. Without inclination information we cannot correct the 
velocity fields to derive a total mass, and the ring-shaped HI distributions with a central 
hole suggest that a virial calculation is not appropriate either. Our best estimate for Leo A 
is that the total mass is less than 2 times the luminous mass. These results agree with 
the expectation of large dispersions in mass-to-light ratios for the lowest luminosity dwarfs 
(Skillman 1997). 
Aside from NGC 205, which shows a strong velocity gradient, the other galaxies' velocity 
fields are all dominated by irregular gas motions with a typical magnitude of 5-10 km s-1 . 
These motions may even dominate the gas's support against gravity, unless all four galaxies 
are at inclinations of 10° or less (which would bring rotation velocities of 10-20 km s-1 down 
to undetectable 2-4 km s-1 levels). The usual suspects of the source of these gas motions 
are stellar winds, supernovae, and expanding HII regions. Chapter 2 showed that there 
is a rough equilibrium between kinetic energy input from young massive stars and energy 
dissipation due to cloud collisions in Leo A. In LGS 3, however, kinetic energy balance is 
more elusive because the energy input from young massive stars is probably zero. Perhaps 
the old stars in LGS 3 provide significant kinetic energy input through the explosions of 
Type Ia supernovae. An alternative interpretation is that the current simplistic picture of 
kinetic energy dissipation by cloud collisions on rvlOO pc scales (see Chapter 2) is not realistic 
because turbulent energy dissipation is important (Norman & Ferrara 1996). 
The origin of the cold gas in the dwarf ellipticals NGC 185 and 205 is discussed m 
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Chapter 4. The gas in the dwarf ellipticals is more compact than the stellar distribution, 
so it is not clear whether the gas has more or less angular momentum per unit mass than 
the stars do. Thus, we cannot immediately rule out an internal origin as is done for giant 
ellipticals with very extended rotating gas disks. In NGC 205 the asymmetry of the HI 
distribution with respect to the optical center of the galaxy suggests that the HI may not be 
in a stable long-lived distribution. On the other hand, the kinematics of the gas in NGC 185 
and the velocity dispersions of the HI clumps suggest that an internal origin may be plausible 
for these galaxies. 
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Chapter 7 
Summary 
This chapter summarizes the major results of our investigation into the properties and kine-
matics of the ISM in nearby, low luminosity dwarf galaxies. Section 7.2 discusses the primary 
limitations of this work, and Section 7.3 describes future experiments which would address 
some of the questions suggested by this thesis. 
7.1 Major Results 
Seven nearby galaxies- three dwarf ellipticals, two dwarf irregulars, and two intermediate 
irregular/spheroidals-were imaged in the 21cm HI line using the VLA. For five of them, we 
have compared the HI distributions at resolutions of rvlQO pc to the stellar distributions and 
the locations of current star formation. We present new clarifications of the HI kinematics 
in all five galaxies; improvements in the kinematics come from recovering all of the HI mass 
and from higher velocity resolutions (1.3-2.6 km s-1 ). 
We show that HI line profiles and velocity dispersions can be used to investigate the phase 
structure of the ISM in these types of dwarf galaxies. Specifically, we present a new technique 
of decomposing the individual HI spectra into two components of different dispersions. The 
atomic gas in the dwarf irregulars Sag DIG and Leo A cannot all have the same dispersion; 
instead, we find two distinct dispersions (a = 3-5 km s-1 and 8-10 km s-1) which are 
interpreted as cold and warm atomic phases (Chapters 2 and 5). In those galaxies, 20-30% 
of the atomic gas is in the low-dispersion (cold) phase. In contrast, LGS 3 shows only the 
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broader component; less than 20% of its HI can be in a low-dispersion phase. 
We also present CO observations of the dwarf ellipticals NGC 185 and NGC 205, with 
particular emphasis on one resolved molecular cloud in NGC 205 (Chapters 3 and 4). The 
CO observations are compared to HI images at approximately the same resolution, namely 
60-70 pc. This work is unique because of the unprecedented (for ellipticals) linear resolution 
achieved and the ability to study individual GMC-type structures in an unfamiliar context. 
HI emission spectra show individual HI clumps of typical column density 1-2x1020 cm-2 , 
at least some of which appear to be associated with the molecular clouds. An extended 
source of Ha emission, 50 pc in diameter and most likely a supernova remnant, is found in 
NGC 185. 
The different galaxy types of this sample show good evidence for different kinds of in-
terstellar media. Most of the differences in interstellar media can be explained in terms of 
current models of the ISM (Chapter 6). For instance, the presence of significant molecular 
gas in the dwarf ellipticals NGC 185 and 205, even though the HI column densities are low, 
is expected given current estimates of the gas density and the interstellar UV fields in those 
galaxies. The presence of a two-phase HI medium in Leo A and Sag DIG is easily explained 
with current ISM models, provided that the gas pressure is quite low. The absence of a cold 
HI phase in LGS 3 can be understood if the pressure in LGS 3 is even lower than that in 
the other dwarf irregulars, and is too low to sustain a cold HI phase. The main limitation 
to a quantitative comparison with ISM models is our poor knowledge of the gas pressure in 
the dwarfs. 
The data in this paper confirm the idea that the development of a stable, cold HI phase 
is a necessary step, or at least a common one, in the star formation process. These galaxies 
can also be used to support Skillman's (1987) proposal that a certain threshold HI column 
density must be present before molecular gas can form and star formation can proceed. 
However, the threshold HI column density cannot be the same in all galaxies; the value must 
be about 5-10 times lower in the ellipticals NGC 185 and 205 than in Leo A, Sag DIG, and 
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other dwarf galaxies. 
The improved HI kinematics presented in this thesis show good evidence of systematic 
velocity gradients in only two of the five galaxies. LGS 3, Sag DIG, and NGC 185 show 
no clear signature of rotational support, though gradients as small as 3-5 km s-1 across 
each galaxy should have been detectable. These results suggest that the galaxies derive a 
large fraction of their support against gravity from the random motions observed in the gas. 
Estimates of the total masses of these systems concur with the expected result that there is 
a wide variation in the mass-to-light ratios of the lowest luminosity galaxies. The kinematics 
and distribution of gas in the dwarf ellipticals suggest that, contrary to the situation in giant 
ellipticals, an internal origin may be possible at least in NGC 185. 
7 .2 Limitations 
One major limitation of this thesis arises in the mismatch between the relatively small 
number of galaxies studied and the large number of variables that might affect the properties 
of the ISM. It is difficult to disentangle which variable has the strongest effect on the ISM. 
For example, we have shown that the ISMs of the dwarf ellipticals NGC 185 and NGC 205 
are very different from that in LGS 3, even though all three galaxies have roughly the same 
HI masses and column densities. The causes of different ISM properties might be related to 
galaxy metallicity, interstellar gas pressure (affected by the gravitational potential well and 
by the rate of supernova explosions), interstellar UV fields, or other factors. In addition, 
the small sample investigated here contains only galaxies with relatively low star formation 
rates. Any hypotheses about what kinds of conditions are necessary for star formation must 
be confirmed in galaxies with more active star formation. One more problem related to a 
small sample size is the fact that we cannot be completely confident about the importance 
of rotational support in these galaxies until an inclination correction is made. If the galaxies 
in this study are not thin disks, the only way to make such a correction is statistically. 
A second major limitation of this thesis lies in the identification of the HI components in 
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Sag DIG and Leo A as cold and warm phases. We have shown that the HI in the irregulars 
is made up of components with different velocity dispersions. However, we have had to 
make an inference (based on Galactic HI emission spectra) that the component with the 
lower velocity dispersion in fact has a lower physical temperature. That inference needs 
to be verified. The best way to do that would be to observe HI spectra in absorption as 
well as emission, so that optical depths and spin temperatures of the HI could be directly 
measured. Unfortunately the galaxies in this thesis have no suitable background continuum 
sources against which we could search for absorption. And because we cannot constrain the 
gas temperature, it is difficult to estimate the gas pressure (not to mention the fact that 
other non-thermal sources of pressure, like magnetic fields and turbulence, are unknown). It 
is also not immediately obvious that comparisons with Galactic HI emission spectra make 
sense because the linear resolutions are typically 30 pc for Galactic observations, compared 
to 100-200 pc in these dwarfs (Chapter 2). Furthermore, deduction of the mass of cold gas is 
not easy either. Inspection of HI emission and absorption spectra in the LMC (Dickey et al. 
1994) shows that the presence of a cold phase can usually be deduced from emission spectra 
alone, as asserted in this thesis, but the actual locations (in velocity space) and amount of 
cold gas cannot always be inferred straightforwardly. 
Finally, since Galactic star formation is known to occur in molecular clouds, our under-
standing of star formation in dwarfs is fundamentally limited by the fact that we cannot as 
yet study the molecular phase in Sag DIG, LGS 3, and Leo A. Detecting a cold atomic phase 
may be the next best thing to detecting molecular gas (in the Galaxy the cold HI phase and 
molecular gas are usually associated, Garwood & Dickey 1989), but cold atomic gas is not a 
satisfactory substitute for molecular gas. 
7.3 Future Work 
As discussed in the previous section, a necessary step now is to verify (or disprove) the 
identification of the low- and high-dispersion HI components in the irregulars as cold and 
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warm atomic phases. This experiment could be carried out by comparing HI absorption and 
emission in some suitable dwarfs that lie in front of extragalactic continuum sources or that 
have strong internal continuum sources. The experiment could be done in face-on spirals 
as well; the closer to face-on the better, since experience from the dwarfs indicates that a 
lack of a velocity gradient makes analysis of the HI profiles much simpler. If HI absorption 
is not possible, we might be able to test the identification with detections of the two HI 
components in a larger number of galaxies. The reasoning behind this test is as follows: 
if the HI components are indeed warm and cold phases, they ought to be present in many 
other galaxies besides Local Group spirals and dwarfs. Extending these types of studies to 
galaxies with more active star formation (e.g. dwarf irregulars with large ionized shells and 
filaments, Hunter & Gallagher 1997) would have the added advantage of giving a better 
perspective on extreme ISM conditions and on the requirements for star formation. 
We are also continuing to explore the relationship between atomic and molecular gas 
and dust in the dwarf ellipticals NGC 185 and 205. For example, a good map of CO 
emission in NGC 185 has not been published; the observations in this thesis covered only 
two positions in the galaxy. We have now obtained BIMA observations which trace CO 
emission over the entire central portion of NGC 185. Those data should reveal whether 
every molecular cloud has an associated HI photodissociated envelope and whether every 
HI clump has a molecular core. We have also obtained additional BIMA observations of 
the northern cloud of NGC 205 (cf. Chapter 3) which will supplement the existing images 
and provide higher spatial resolution. Further observations of CO in NGC 205 at the IRAM 
30m telescope describe more fully the relationship between HI and CO in the southern part 
of that galaxy; they also provide line ratios for 12C0/13CO, CO/HCN, and CO/HCO+, 
which should better constrain the physical conditions inside that molecular cloud. Since it is 
currently unknown what fraction of dwarf ellipticals contain cold gas (Rupen 1996), future 
projects might elucidate the evolution of those galaxies by measuring HI and/ or CO contents 
of a larger sample. 
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The relationship between atomic and molecular gas is of special interest in the case of 
very low metallicity galaxies like the dwarf irregulars of this study. We have speculated that 
the cold HI clumps in Leo A and Sag DIG might contain substantial molecular hydrogen 
cores, despite the fact that CO emission has not been detected. The detection of molecular 
hydrogen in such low metallicity galaxies would give some insight into the formation process 
of molecular gas; specifically, is the formation of molecular hydrogen different (less efficient?) 
when there is less dust? A detection of molecular hydrogen would also allow us to address 
the question of whether molecular gas is really required for star formation. That seems to 
be the case in our Galaxy, but perhaps it isn't the case in low metallicity environments. The 
very first generation of stars to form in the universe must have done so in low metallicity 
conditions, after all; what sort of an ISM was required for star formation at that time? 
The advent of near-IR detectors allows the detection of shock- or UV-excited emission from 
molecular hydrgogen, and these types of experiments may provide the avenue for addressing 
the questions discussed above. 
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Appendix A 
Some observational and data 
reduction concerns 
Chapters 2 through 5 discuss the observations that were made for this thesis and give im-
portant observing parameters. Readers interested in the specifics of the observing and data 
reduction are referred to those chapters. In this chapter we take the opportunity to discuss 
some additional details and a few points which may be of interest. This chapter is not 
intended to be an exhaustive review of the observing and data reduction process, as the 
techniques used were all standard practice. Rather, we intend to give some flavor of the 
major concerns important in the different measurement types. Observing techniques at 1.4 
and 115 GHz are compared. 
A.I Ha imaging 
The Ha observations for this thesis are described in detail in Chapter 4. In the present 
chapter we focus on an area in which Ha observations of elliptical galaxies need special 
care: the problem of accurately scaling and subtracting continuum emission from the Ha+ 
continuum image to produce the line-only image. 
The IRAF package was used for the standard data reduction steps of overscan and zero 
correction, fiat fielding, convolution to a common resolution and image alignment. Sky levels 
were determined from the peak of a histogram of image values around the outside edges of 
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the frame. The continuum scale factor was determined as described below. 
The stellar components of elliptical galaxies show significant Ha absorption (e.g. Gal-
lagher & Mould 1981 for NGC 185). Thus, if the continuum image is scaled so as to remove 
field stars (as is often done for images of dwarfs and spirals) the elliptical galaxy's smooth 
stellar component will not usually be removed. Instead, the continuum image must be scaled 
so as to make the smooth galaxy disappear rather than field stars. Shields (1991) describes 
a technique in which one may check that the sky background level in both the on-band and 
the off-band images as well as the off-band (continuum) scaling factor are optimized. This 
technique requires that the ratio of the images, after sky subtraction, should be a constant 
everywhere throughout the image (except in possible regions of Ha emission). If it is, the 
ratio itself gives the appropriate continuum scaling factor. If the ratio is not constant, im-
proper sky subtraction is the likely cause. Sky subtraction can be especially problematical 
if, as in these observations, the galaxy fills most all of the frame. 
Shields' technique works because the Ha absorption equivalent width in the stellar com-
ponents of elliptical galaxies is not expected to have radial gradients. One consequence of 
the technique is that diffuse Ha emission distributed like the galaxy itself will be subtracted. 
Thus we are only sensitive to Ha emission on scales significantly smaller than the galaxy. 
The final continuum-subtracted Ha image of NGC 185 has some fluctuations in the zero 
level, but those fluctuations are only 5% of the average surface brightness of the extended 
Ha emission shown in Chapter 4. 
A.2 HI synthesis imaging 
The HI images presented in this thesis are derived from observations made with the Very 
Large Array (VLA) in its C and D configurations. The D array, which contains spacings 
from about 160 >. to 4.5 k>. at 21 cm, provides sensitivity to large scale (15') structures. This 
sensitivity on large scales is particularly important for Leo A. The C array contains spacings 
up to about 15 k>. and provides high spatial resolution. 
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The time-dependent instrumental phases and amplitudes were calibrated with periodic 
observations of phase calibrators of typical flux density 1-2 Jy. These phase calibrators 
were chosen to be :::; 10° away from the program source and were observed about every 40 
minutes. The stability of the VLA is excellent at 21cm, especially in the small C and D 
configurations; we usually measured phase drifts of only 10° or less over an 8 hour observing 
run. To derive an instrumental gain on the program source between calibrator observations, 
a simple two-point interpolation routine was used. The primary flux scale was derived from 
observations of either 3C286 or 3C48, depending on the LST of obervations; these bright 
sources were also used as bandpass calibrators. 
The VLA, particularly when in the D configuration, can be sensitive to Galactic HI emis-
sion. Thus, when observing galaxies at low velocities, there is the possibility that Galactic 
HI emission or absorption might corrupt observations of the bandpass calibrator (which is 
supposed to have a fiat spectrum) or the phase calibrator (which is supposed to be a point 
source). This situation pertains to observations of Leo A at +26 km s-1 and Sag DIG at 
-79 km s-1 . The problem was solved by observing the phase and bandpass calibrators twice 
in succession, once at a velocity of 300 km s-1 higher than the program source and once at 
a velocity 300 km s-1 lower than the program source. The two observations are averaged 
together before interpolating to the program source. Bandpass calibrations made with this 
technique are expected to be accurate to a percent or so, which is adequate for the purposes 
of this thesis. 
HI observations during the day are often plagued by solar interference. Fortunately 
for spectral line observations, solar interference is essentially continuum in nature over the 
bandwidths of interest and so is easily removed. The AIPS task UVLIN was used to remove 
continuum sources and solar interference simultaneously. UVLIN removes continuum emis-
sion from each baseline independently by fitting a linear function to the HI-free portions of 
the spectrum. (Of course, the data must be mapped once first to see which channels are 
indeed line-free.) Solar interference required the flagging of about 8% of the data points on 
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NGC 147 (Chapter 4) but was not a significant problem for the other galaxies. 
A.3 CO synthesis imaging 
The interferometric CO observations made with the BIMA array at 115 GHz are largely 
similar to HI synthesis observations at 1.4 GHz. The major calibration step is again re-
moval of the instrumental phases and amplitudes by periodic observations of a point source 
calibrator. In detail, there are some differences between the two types of observations. 
Phase calibrators for the CO observations were typically much farther away from the pro-
gram source (30-35°) than in the case of HI observations (~ 10°). A large distance between 
source and calibrator becomes a liability in transferring phase measurements from the source 
to the calibrator, especially if the baselines are not known accurately. Thus, for several of 
the phase calibrator observations we actually observed two different phase calibrators, on 
opposite sides of the program source, in immediate succession. The instrumental phases 
measured on the different calibrators were usually similar within the noise, meaning that 
the baselines were relatively well-determined and we could be confident about transferring 
phase measurements to the source. 
Flux calibration is more difficult at 115 GHz than at 1.4 GHz because most continuum 
sources in the 3mm band are highly variable- flux densities can change by 50-1003 on 
timescales of months. Thus, the flux calibration at 115 GHz is ideally tied to observations 
of a planet whose brightness temperature and apparent size are known. In practice, the flux 
calibration for these observations was made by assuming values for the flux densities of the 
chosen calibrators. Strong calibrator sources are periodically (weekly-monthly) observed 
with BIMA at a frequency of 90 GHz and their flux densities are tied to observations of 
the planets. These 90 GHz fluxes were adopted for use at 115 GHz without correction for 
spectral index. The primary source of uncertainty in the flux calibration scale for these CO 
observations is probably still variability in the calibrators, which may have an effect as large 
as 203. 
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The resulting noise levels in BIMA images were about a factor of 1.5 higher than the-
oretical noise levels at the appropriately weighted system temperatures; the reason for this 
discrepancy is not known. 
A.4 HI single-dish observations 
The total HI fluxes of Leo A, Sag DIG, and LGS 3 were measured at the NRAO 43m telescope 
in Green Bank. Details of the observations are given in Chapters 2 and 5. The observations 
for Sag DIG and LGS 3 were made in frequency-switching mode, and those for Leo A were 
made in position-switching mode. Leo A has a heliocentric velocity of only +26 km s-1 , so 
in the single-dish HI spectra it appears superposed on strong Galactic HI emission. This 
Galactic emission makes accurate baseline removal extremely difficult. It was hoped that 
position-switching would remove much of the Galactic HI emission near Leo A; however, 
there is still significant structure in the Galactic emission on the scales of the position throw 
(65'). Baseline subtraction for Sag DIG and LGS 3 was considerably simpler than for Leo A 
but still required polynomials of order 2 and 3. 
Flux calibration at the 43m was derived from periodic observations of 5 continuum sources 
which are not expected to vary. The uncertainty of the resultant flux calibration scale is 4%, 
comparable to the value expected from thermal noise, atmospheric opacity, and frequency-
dependent gain variations (van Zee et al. 1997). Uncertainties in the galaxy fluxes due to 
baseline subtraction are comparable to uncertainties in the flux calibration scale, except in 
the case of Leo A where uncertainties in the baseline subtraction dominate. 
A.5 CO single-dish observations 
CO single-dish observations of NGC 185 and NGC 205 were made at the IRAM 30m tele-
scope, which was operated in the nutating subrefiector mode with a throw of 3' in azimuth. 
Since the HI extent of NGC 205 is about 3', it might have been possible that emission in 
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the "off'' position would contaminate detections. However, we do not believe that such con-
tamination has actually occurred. HI and CO in NGC 205 show a velocity gradient of 30 
km s-1 from one end of the galaxy to the other, which is much larger than the observed line 
widths (Chapter 3). This velocity gradient means that contamination from the off position 
would appear at a different velocity from emission in the on position. No signs of such 
contamination were visible in the spectra. 
Again, flux calibration at 115 (and 230) GHz is very different from that at 1.4 GHz. In 
the case of the 30m telescope, the main beam brightness temperature scale is determined 
from antenna temperature by the ratio of forward to main beam efficiency; these ratios are 
assumed to be known at each frequency and constant in time. They are tabulated in the 
telescope newsletter (Guelin, Kramer, & Wild 1995). We made periodic observations of the 
CO line in W30H, and the variability in the CO flux of W30H implies that the CO line 
fluxes in NGC 185 and NGC 205 are accurate to about 10% at 115 GHz and 15% at 230 
GHz. Spectral baselines obtained with the 30m telescope in the nutating subrefiector mode 
were very fiat; these CO observations required only polynomials of order 0 and 1. Thus, 
in contrast to the situation for HI observations at the 43m telescope, uncertainties in the 
CO line fluxes due to baseline subtraction are much less serious than uncertainties in the 
temperature scale. 
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